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PREFACE 


This book is the outgrowth of lecture material which has been used 
for the past few years in a bacterial physiologj' course at the State 
University of Iowa. Since developments in this branch of science have 
recently been extremely rapid, it has become almost impossible to con¬ 
dense lectures and discussions to fit into one semester or even two 
semesters of classes. In the past some degree of success in meeting 
this problem has been achieved by supplying students with mimeo¬ 
graphed tables, charts, and pertinent references for further reading. It 
has been thought, however, that if a book were available which outlined 
some of the past developments and other information concerning this 
science, more attention could be given in the classroom to general dis¬ 
cussion of the more recent advances in the field. This material is thus 
compiled as a guide for a course which is being transformed from the 
lecture to the seminar type. 

The students who are admitted to bacterial physiology at Iowa, as in 
most other universities, have diversified interests, but they all have 
had courses in biology and chemistry. For the most part they are 
advanced students majoring in chemistry, pharmacy, and the biologi¬ 
cal sciences. Although the subject matter in this book has been chosen 
and arranged primarily to fit the requirements and interests of these 
students, some thought has also been given to the needs of persons 
doing research in microbial chemistry. 

An attempt has been made to restrict the discussion to the field of 
bacteriology, but mention is made from time to time of organisms which 
belong in other branches of science. Such references have been made 
in order to stress the fact that the physiological behavior of living mat¬ 
ter is much the same in both the plant and the animal kingdoms. For 
example, we now know that the ability of plants and some bacteria 
to synthesize organic compounds from carbon dioxide is also a property 
of certain more fastidious forms of life. Likewise, some of the yeast 
enzymes responsible for alcoholic fermentation and those concerned 
with muscle glycolysis have much in common. Furthermore, the 
external supply of vitamins required by man is needed also by many 
insects, protozoa, and lower fungi. Since many other examples such 
as these can be cited, biologists are now beginning to appreciate the 
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fact that certain vital processes can be studied more easily by using 
microorganisms, and that the information obtained often has direct 
application to the more complex conditions in higher forms of life. 

In citing references to the literature, I have endeavored to give the 
students a bibliography upon which they can build and also a means of 
following up for themselves any point in which they are interested. 
Much of the work from the early period of bacteriology has been 
omitted, because it has been adequately covered in Buchanan and 
Fulmer’s three volumes. Physiology and Biochemistry of Bacteria 
(1928-1930), in Rahn’s Physiology of Bacteria (1932), in Stephenson’s 
Bacterial Metabolism (1939), and in other books and reviews. Among 
the great mass of recent publications many important reports have 
undoubtedly been omitted or overlooked, and others have been 
included which future events will show to be of no significance. In 
the absence of historical perspective, however, such errors in judgment 
are unavoidable. 

Details of laboratory techniques are not included in the discussion 
of this book. For such information the student is referred to the original 
articles, and to such monographs as Manometric Techniques and Related 
Methods for the Study of Tissue Metabolism (1945) by W. W. Umbreit, 
R. H. Burris, and J. F. Stauffer, and Laboratory Maniuil of Physiological 
Bacteriology (1945) by F. W. Fabian. 

In so far as possible, the nomenclature used for the bacteria men¬ 
tioned in this book is that proposed in the Fifth Edition of Bergey^s 
Manual of Determinative Bacteriology (1939). The names of genera and 
species of yeasts, molds, and other fungi are those that were used in 
the original articles. 

The information on the pages that follow is the result of years of 
research by a large number of investigators, and much of it is widely 
scattered in the literature. My chief role has been that of a compiler 
and an editor. 

An attempt has been made in the text to give credit for all illustra¬ 
tions and other materials used, and failure to acknowledge indebtedness 
to any writer or publisher is unintentional. I wish to thank specifically 
the following publishers, publications, and manufacturers for the use 
of copyrighted material: Academic Press, Inc., American Journal of 
Hygienej American Review of Tuberculosis, American Sterilizer Co., 
BiochemicalJoumal, Biotech Publications, Cambridge University Press, 
Cornell University Press, Eastman Kodak Co., Handbuch der Virus- 
forachung, His Majesty’s Stationery Office, Industrial and Engineer¬ 
ing Chemistry, Iowa Engineering Experiment Station, Iowa State 
College Journal of Science, Journal of Bacteriology, Journal of Biological 
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Chemistry, Journal of Cellular and Comparative Physiology, Journal of 
Experimental Medicine, Journal of General Physiology, Journal of 
Hygiene, Journal of Infectious Diseases, Journal of Laboratory and 
Clinical Medicine, Julius Springer, The Lancet, Ltd., London County 
Council, Manual of Methods for Pure CuUure Study of Bacteria, McGraw- 
Hill Book Co., Proceedings of the Royal Society of London, W. B. 
Saunders Co., D. Van Nostrand Co., Inc., Westinghouse Electric and 
Mfg. Co., John Wiley & Sons, Inc., and Williams & Wilkins Co. 

For help in the preparation of the manuscript I wish to express my 
indebtedness to my associates. Thanks are due to Dr. William M. Hale 
for his encouragement and for permitting me to take time from depart¬ 
mental duties to finish this book. I also wish to express my appreciar 
tion to Miss Marion Jones for helping with the reading and checking 
of the manuscript and proof. Dr. Albert P. McKee, Mrs. John Brooks, 
and Mrs. W. A. Stephenson are among the others in the department 
who helped to make the book possible. Finally, I am most sincerely 
grateful to those who reviewed the manuscript and offered constructive 
suggestions for its improvement. 

J. R. P. 

Medical Laboratories 
Iowa City, Iowa 
December, 1945 
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SOME PHYSICO-CHEMICAL PROPERTIES OF 
BACTERIA AND THEIR ENVIRONMENT 

THE COLLOIDAL STATE OF MATTER 

In a study of bacterial chemistry and physiology it seems pertinent 
to consider first of all the colloidal state of matter, since basically many 
of the reactions of bacterial systems are dependent upon the colloidal 
phenomena that operate within these systems. We shall not attempt 
to present in this brief treatise an inclusive or mathematical description 
of colloids. For such information the books by Buchanan and Fulmer 
(1928), Kruyt (1930), Alexander (1926-1944), Gortner (1937), Weiser 
(1939), Bull (1943), and other books dealing with colloid chemistry 
should be consulted. 

In 1861 Thomas Graham classified all substances into two groups, 
crystalloids and colloids (from the Greek kolla, gelatin or glue; eidos, 
like or semblance), depending upon their rate and ability to diffuse 
through water and parchment membranes. According to Graham, 
crystalloids passed readily through parchment membranes, whereas 
colloids did not. We now realize that this distinction between crystal¬ 
loids and colloids is not tenable because many typical colloids, such 
as certain proteins, are crystallizable, and under proper conditions 
practically all crystalloids may be brought into the colloidal state. 
Thus, according to more modem conceptions, the term colloid is used 
to define substances with a characteristic kind of physical structure 
rather than to classify a particular type of matter. 

Matter is said to be in the colloidal state when it is dispersed per¬ 
manently and so finely that the individual particles, though larger 
than molecules, cannot be seen with the ordinary microscope. The 
medium in which the particles of a colloidal system are scattered is 
termed the dispersion medium, or continium phase; and the scattered 
particles are called the dispersed or discontinuous phase. In studying 
colloidal systems, therefore, it should be emphasized that a hetero¬ 
geneous system composed of at least two components (dispersed phase 
and dispersion medium) is under consideration. 

1 
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Particle size is one characteristic of the colloidal state, and colloidal 
state may be defined (somewhat arbitrarily) in terms of particle 
size. The maximum size of colloidal particles is conveniently placed 
just below the lower limit of ordinary microscopic visibility, using 
the oil immersion objective. The minimum size of the particles 
is arbitrarily set above that of the average molecule. This means 
that the largest colloidal particles are below about 0.1 tx or 0.0001 mm. 
in diameter and thus invisible with the ordinary microscope, but are 
above 1.0 m^ or 0.000001 mm. The following diagram shows the rela¬ 
tionship which exists between coarse suspensions, colloids, and molec¬ 
ular solutions: 

Suspensions Colloids True Solutions 

Molecular aggregates Molecular aggregates Molecules and ions 

(matter in mass) _ 

Size or diameter: >0.1 m 0.1 ju 1.0 m/x <1.0 m^ 

It is generally believed that there is a continuous gradation of 
properties from coarse suspensions through the colloidal state to true 
solutions. There are, however, certain characteristic properties of 
matter in the colloidal state which are not exhibited by true solutions 
and which are sho^vn in a negligible degree by gross suspensions. Cer¬ 
tain of these properties will be briefly discussed later in this chapter. 

Although all our known bacteria are larger than the upper limits of 
the colloidal system, many of the smaller organisms studied by the 
bacteriologist fall in this region and exhibit several properties of true 
colloids. It should be emphasized, however, that the properties of 
colloidal systems do not coincide strictly with the arbitrary boundaries 
described above. For this reason bacterial cells in various media behave 
in many respects like colloidal systems [Kendall (1925), Silbereisen 
(1939), McCalla (1940)]. 

Bacterial protoplasm, like that of all other living cells, is an intimate 
association of salts, carbohydrates, fats, and proteins. It is generally 
believed that the salts and carbohydrates of living protoplasm are, in 
part, in true solution and, in part, absorbed or otherwise bound to 
organic matter. The proteins exist as jellies, and the fats as emulsions. 
Water is the dispersion medium of all. Other substances, such as 
organic acids, not included in the above groups, can probably be 
regarded as minor constituents in most cases. 

Although the living system includes all the component parts just 
enumerated, certain of these may be looked upon as representing the 
ultimate living substance itself with the other constituents functioning 
as nutrient material. But the importance of regarding protoplasm as a 



CLASSIFICATION OF COLLOIDAL SYSTEMS 


3 


highly organized and coordinated heterogeneous system, all parts of 
which are necessary to life, cannot be overemphasized. One of the 
most remarkable powers of protoplasm, which is due to its organiza¬ 
tion, is its ability to carry on simultaneously in the same cell a number 
of chemical reactions without one interfering with the other and with¬ 
out any evident boundaries of separation. Only a highly complex 
^‘organized'' colloidal system with continuity of structure could be the 
site of such intricate and closely confined chemical reactions [Seifriz 
(1928)]. 

CLASSIFICATION OF COLLOIDAL SYSTEMS (LYOPIIOBIC AND 
LYOPHILIC) 

The broadest classification of colloidal systems is that devised in 
1907 by Ostwald, who separated them on the basis of the physical state 
(gaseous, liquid, or solid) of the subdivided substance (dispersed 
phase) and the medium in w^hich the particles of the subdivided sub¬ 
stance were distributed. Thus the following nine systems are possible: 


Dispersed 

Dispersion 


Phase 

Medium 

Example 

1. Gas 

Gas 

Hypothetical case, since gases oc¬ 
cur in a molecular state 

2. Gas 

Liquid 

Foam, air in beaten egg white 

3. Gas 

Solid 

Gaseous inclusions in minerals 
(meerschaum) 

4. Liquid 

Gas 

Clouds, fog 

5. Liquid 

Liquid 

Oil in water, cream 

6. Liquid 

Solid 

Opal, pearl, water in paraffin wax 

7. Solid 

Gas 

Smoke 

8. Solid 

Liquid 

Colloidal gold 

9. Solid 

Solid 

Ruby glass, black diamond 


From a biological standpoint this classification is of little true value 
because it is too general and does not include the gels. 

Another classification of certain colloidal systems is based on the 
attraction or affinity of the dispersed phase and the dispersion medium 
for each other. If the mutual affinity is small, the system is said to be 
lyophobic; whereas, if the mutual affinity is great, the system is called 
lyophilic. If water is the dispersion medium, the system is usually 
termed hydrophobic or hydrophilic, as the case may be; if benzene is the 
dispersion medium, benzophobic or bemophilic; etc. Gold neither 
dissolves nor swells in water, hence gold dispersed in water is a hydro- 
phobic system. Gelatin and agar, on the other hand, take up water 
and swell to a marked degree; thus such colloidal systems are hydro- 
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philic. A given dispersed phase may be lyophobic in one medium and 
lyophilic in another. For example, starch forms a lyophobic system 
in alcohol and a lyophilic one in water. 

In many of their physical properties, such as viscosity, lyophobic 
colloids differ only slightly from the pure dispersion medium. The 
particles carry a definite electric charge which can be changed only 
by special methods. Such colloids are flocculated by very small quanti¬ 
ties of electrolytes and, when so precipitated, cannot ordinarily be 
brought back into the colloid state. The precipitation is therefore 
irreversible. Since the proteins and the higher carbohydrates form lyo¬ 
philic systems, such systems are of much greater biological importance 
and interest than the lyophobic colloids. The viscosity of lyophilic sys¬ 
tems is usually much higher than that of the pure dispersion medium. 
The particles carry an electric charge which may be changed by such 
simple measures as altering the pH of the solution. They require large 
amounts of electrolytes for their precipitation and, when precipitated, 
usually may be brought back into the colloidal state by the addition of 
fresh solvent. The precipitation is therefore reversible. 

Colloidal systems possessing a high degree of fluidity are defined as 
sols. Lyopliilic sols, under changing conditions of temperature and 
concentrations of disperse phase, of pH and of electrolytes, possess the 
property of imbibing large quantities of water and forming semi¬ 
rigid gels. These gels probably have a rather definite structure con¬ 
sisting in some cases of a network of disperse phase, or hydrated ma¬ 
terial, enclosing some of the dispersion medium. These properties of 
imbibition and gel formation exhibited by lyophilic colloids are probably 
responsible for the characteristic physical structure of protoplasm. 

It can thus be seen that lyophilic and lyophobic colloids exhibit 
essential differences in their behavior toward the solvent and in their 
sensitivity to electrolytes. According to Kruyt (1930), the stability 
of lyophobic colloids depends entirely upon the charges on particles, 
which permit them to repel each other and thus prevent aggregation 
into coarser particles. If the charges on the particles are neutralized, 
or reduced below a certain critical value by an electrolyte, the particles 
coalesce and precipitate. Lyophilic colloids, on the other hand, possess 
two stability factors, charge and hydration, either of which is capable of 
preventing the aggregation and flocculation of colloidal particles. 
Neutralization of the charges on the particles of a lyophilic colloidal 
solution converts it into a neutral, or isoeleciriCf colloid which is stable 
as long as the particles remain hydrated. Dehydration of a charged, 
electrolyte-free lyophilic colloid by the addition of a dehydrating agent, 
such as alcohol, converts it into a lyophobic colloid exhibiting the 
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characteristic sensitivity to electrolytes. The precipitating action of 
large amounts of salts on lyophilic colloids is due to the fact that satu* 
rated solutions of the common salts act as dehydrating agents, thereby 
discharging and dehydrating the system at the same time. For further 
discussion of this subject see the section on the effect of electrolytes on 
colloids, pp. 19 to 22. 

An additional system which should be considered in a study of 
colloidal systems is the emulsions. Emulsions are not necessarily true 
colloidal systems, if we limit our definition to the size of the particle 
concerned. Emulsions are drops of one liquid dispersed in the bulk of a 
second liquid. They usually consist of systems of oil dispersed in 
water or of systems of water dispersed in oil. Frequently the dispersion 
medium contains a lyophilic colloid which assists in stabilizing the 
emulsion. Very dilute emulsions could be classified as liquid-liquid 
colloidal systems, providing all the particles fell within the range of size 
characteristic of such systems. Most emulsions, however, contain oil 
or water droplets much larger than the upper limit of the truly colloidal 
field. Latex, milk, and mayonnaise are typical examples of emulsions. 
In each of these examples we are dealing not only with oil droplets 
suspended in an aqueous medium, but we have present at the same time 
lyophilic colloids in the form of proteins which stabilize the system. 
Therefore, a study of emulsions involves an investigation of not only 
the dispersion medium and the disperse phrase but also the nature 
and properties of the lyophilic colloid which acts as the stabilizer. 

When viewed through the microscope, protoplasm (of cells larger 
than most bacteria) presents the appearance of an emulsion. Certainly 
there are droplets of fats and oils in all living protoplasm which are 
stabilized by the lyophilic colloids which are present. It is also true 
that there are solid particles in all protoplasm, so that protoplasm 
can be looked upon, in part, as a complex colloidal system, the disper¬ 
sion medium being water and the disperse phase consisting of lyophilic 
(hydrophilic) colloids, lyophobic (hydrophobic) colloids, and fat 
droplets in the form of an emulsion. 

CERTAIN CHARACTERISTICS OF COLLOIDAL SYSTEMS AND 
THEIR RELATIONSHIP TO BACTERIOLOGY 

At this point it may be well to consider briefly several of the general 
properties of colloidal solutions and to point out their application to 
bacteriology. 

1» Brownian Movement. In 1828 the English botanist, Robert 
Brown, announced that he had observed microscopically a continuous 
trembling motion when pollen grains were suspended in a liquid. 
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We now know that what Brown saw was the process which bears his 
name, the Brownian movement of particles, caused by the bombard¬ 
ment of the particles of the disperse phase by the molecules of the dis¬ 
persion medium. 

Particles exhibit Brownian movement only when below a definite 
size and in a medium of sufficiently low viscosity. Particles larger 
than about 4.0 n exhibit no motion in water, and the viscosity of the 
surrounding medium determines the amplitude of motion for a particle 
of given size. For example, glycerin is about 800 times as viscous as 
water and, therefore, particles suspended in it do not move as freely 
as those suspended in water. In fact, particles larger than 1.0 /x to 
2.0 fjt do not exhibit Brownian movement in glycerin. In truly colloidal 
systems, where the dispersed phase cannot be seen with the ordinary 
microscope, dark-field illumination or the ultramicroscope must be 
used to demonstrate Brownian movement. 

If the cells of many nonmotile bacteria are suspended in various 
media, they show' Brownian movement when examined under the 
microscope, and particles in the protoplasm of the larger microorgan¬ 
isms are often in an active state of motion. However, Brownian move¬ 
ment may be inhibited or abolished in bacteria, as in certain typical 
colloids, by the addition of electrolytes. 

For details of the historical phases and the theoretical significance 
of studies dealing with Brownian movement, the books of Kruyt 
(1930), Gortner (1937), and other authors on colloid chemistry should 
be consulted. 

2. Sedimentation and Particle Weights. A particle suspended 
in a liquid medium tends to settle out under the influence of gravita¬ 
tional force. With particles in the colloidal realm the rate of sedi¬ 
mentation under gravity is negligibly slow because back diffusion 
acts in opposition to the gravitational force. However, if the force of 
gravity is increased by means of a centrifuge, the rate of settling is 
greatly increased. Ordinary laboratory centrifuges, which run up to 
3,000 to 5,000 r.p.m., are usually sufficient to settle most bacteria. So- 
called supercentrifuges, which run at 40,000 r.p.m. and generate a 
force in excess of 42,000 times that of gravity, have been constructed. 
Such an instrument is useful for washing precipitates that settle very 
slowly, for sedimentation of certain particles, and for the preparation 
of certain sols; but it cannot be employed in the estimation of the size 
of colloidally dispersed particles because vibration in the apparatus 
sets up convection currents which modify the effect of the centrifugal 
force. To overcome this difficulty, Svedberg and coworkers [see 
Svedberg and Pedersen (1940)] have devised an apparatus called an 
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ultracentrifuge, which may be defined as ^*a centrifuge of low or high 
power in which convection does not occur and in which it is possible 
to measure any redistribution of the contents/' In Svedberg's ap¬ 
paratus this redistribution is followed either by determination of the 
light absorption or the refractive index, and fields of 400,000 times that 
of gravity have been obtained. 

Svedberg's ultracentrifuge has been used extensively to determine 
the ^^particle" or molecular weights of proteins, celluloses, other bio¬ 
chemical compounds, dyes, soaps, etc. For the technical details of the 
method the book by Svedberg and Pedersen (1940) should be con¬ 
sulted. In Table 1 arc given the particle or molecular weights of a 
number of substances as obtained or quoted by Svedberg and associates 
from data on sedimentary velocity and diffusion. 

TABLE 1 

f 

Molecular or Particle Weights (M) of Various Substances 
[From Svedberg and Pedersen (1940) and Others] 



Substance 

M * 

Substance 


M* 

Tuberculin polysaccharide 

9,000 

Diphtheria antitoxin * 

113,000 

Scarlet fever toxin ^ 

4,000- 

Serum globulin (man) 

176,000 



13,000 


rabbit 

158,000 

Cytochrome c 

Mycobacterium phlei pro¬ 
tein 

15,600 

17,000 

Antipneumococcus. 
serum globulin 

man 

horse 

cow 

195,000 

910,000 

910,000 

liactalbumin 

17,400 


-pig 

930,000 

Gliadin 


27,500 

Thymonucleic acid 


200,000 

Mycobacterium tuberculosis 


Catalase 


250,000 

(human) protein 

32,000 

Edestin 


310,000 

Pepsin 


35,500 

Rubber sols 


400,000- 


[Apple, pear, plum 

25,000" 



435,000 

Pectins 

1 

1 

35,000 

Urease 


480,000 


1 Orange 

40,000- 

Hemocyanin from different 




50,000 

sources 


400,000- 

Zein 


40,000 



6,700,000 

Insulin 


41,000 

Bushy stunt virus 


7,600,000 

Cellulose acetatb in acetone 

50,000- 

Bacterial glycogen from the 




250,000 

avian tubercle bacillus * 

12,100,000- 

Hemoglobin (man) 

63,000 



13,200,000 

Diphtheria toxin * 

74,000 

Tobacco mosaic virus pro- 


Yellow enzyme 

82,000 

tein 


17,000,000- 


42,500,000 


* Some of these values are only apparent molecular or particle weights. 
^ Barron, Dick, and Lyman (1941). 

* Petermann and Pappenheimer (1941). 

* Chargaff and Moore (1944). 
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The initial cost of the Svedberg ultracentrifuge is so great that its 
use is greatly restricted. In recent years, however, relatively inex¬ 
pensive qualitative ultracentrifuges have been constructed by Beams 
and others [see review by Beams (1938)] based on the principle of a 
rotor driven by compressed air and spinning on a thin cushion of air— 
the spinning top of Henriot and Hugucnard (1925). Beams has also 
developed ‘‘suspended rotor’’ types of ultracentrifuges driven by air, 
steam, or electricity, which have been adapted and improved by various 
workers to suit their special problems. With such instruments centri¬ 
fugal forces up to 4,000,000 times that of gravity have been obtained, 
the maximum value being limited only by the tensile strength of the 
material from which the rotor is made. 

By means of the ultracentrifuge the size and distribution of particles 
in sols may be determined. Considerable use is also being made of 
the ultracentrifuge to purify and study viruses, enzymes, and certain 
components of the bacterial cell. 

3. Diffusion, Osmotic Pressure, and Imbibition. The kinetic 
energy of molecules causes them to diffuse in all directions. Thus, 
when a gas is set free in a chamber, it will in time be distributed 
equally throughout; and, when a crystal of ordinary salt is placed in a 
glass of water, it soon becomes uniformly dissolved in the water. Such 
movement of gases and dissolved substances from a region of high 
concentration to one of low concentration is called diffusion. When 
diffusion takes place through a membrane or through a gel, the process 
is called dialysis. Dialysis is frequently used to purify colloidal sols, 
the membrane restraining the movement of the colloidal particles 
while permitting crystalloids and ions to pass through into the external 
solvent phase. By the introduction of electrodes into the dialysate 
and the external water, and the passage of a suitable electric current, 
the removal of diffusible matter may be hastened. This process is 
known as electrodialysis or electro-osmosis. 

It has already been mentioned that Graham in 1861 used the phenom¬ 
enon of diffusion as a basis for differentiating between crystalloids 
and colloids. Crystalloids readily diffused through parchment mem¬ 
branes, whereas colloids did not. It should be emphasized again, 
however, that this distinction is not sharp. It is only a question of 
degree, since ions migrate at different speeds, and even some typical 
colloids, such as egg albumin, diffuse very slowly through certain mem¬ 
branes. However, membranes can be prepared which are sufficiently 
dense to retain the egg albumin molecules. 

The diffusion constant (Z), the specific diffusion rate) of an ion or 
molecule may be defined as the amount of solute which will diffuse 



CERTAIN CHARACTERISTICS OF COLLOIDAL SYSTEMS 9 


unit distance across unit area under a concentration gradient of unity 
in unit time. The following diffusion constants of several crystalloidal 
and colloidal substances are old values but are widely quoted in the 
literature: 


Diffusion Constants 
(D — cm.Vsec. X 10®) 


Hydrogen ion 

32.6 

Rennin 

0.066 

Sodium ion 

4.51 

Egg albumin 

0.059 

Urea 

1.01 

Emulsin 

0.036 

Glucose 

0.67 

Diphtheria toxin 

0.014-0.06 

Cane sugar (sucrose) 

0.31 

Diphtheria antitoxin 

0.0015-0.05 

Svedberg’s nuclear gold sol 

0.27 

Tctanolysin 

0.037 

Pepsin 

0.07 

Antitetanolysin 

0.0021 


From the foregoing data it will be seen that the diffusion constant of 
Svedberg’s nuclear gold sol, which has a particle size just within the 
lower limits of the colloidal realm, is only slightly less than that of 
sucrose, which is ordinarily regarded as a true crystalloid. Accordingly, 
we should expect some of the gold sol to pass through a membrane, 
and this is what actually happens. On the other hand, the extremely 
low value for the antitetanolysin would indicate that practically none 
of this substance will diffuse, and this is actually the case. 

Osmotic pressure is defined several different ways in the literature 
[Eyster (1943)], In general, it may be defined as the diffusion pressure 
of a solvent diffusing through a semipermeable membrane. Solutions 
of equal osmotic pressure are said to be isotonic; those having a greater 
osmotic pressure than the standard are said to be hypertonic; and those 
with less osmotic pressure are called hypotonic solutions. 

When a sugar solution is enclosed in a parchment bag and immersed 
in water, a hydrostatic pressure is set up in the bag because of the 
entrance of water. The incoming water is in excess of the outgoing 
water because of the inability of the sugar to diffuse out and set up an 
equilibrium. The greater the number of sugar molecules, the greater 
wiU be the difference between the incoming and the outgoing water, 
and therefore the greater will be the hydrostatic pressure developed 
within the bag. The amount of this hydrostatic unbalance is termed 
the osmotic pressure. It may be measured simply by obser\»^ing the 
rise of sugar solution (because of increase in its volume by the incoming 
water) in a tube or manometer into which the solution is allowed to 
expand directly. Protein molecules and colloidal particles in general 
are large and occupy considerable space compared to crystalloids. 
Consequently, in equimolecular concentrations of crystalloids and col¬ 
loids, there will be fewer colloids per unit volume in the parchment bag. 
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This also means that the difference between incoming and outgoing 
water, and therefore the hydrostatic pressure, will be less. 

Colloidal solutions possess a definite, though slightly osmotic, pres¬ 
sure. For example, Gortner (1937) recorded an observation made by 
Sprensen on the osmotic pressure of an aqueous egg albumin solution 
(22.66 g. per 100 ml.), using a water manometer. A rise of water pres¬ 
sure as high as 86 cm. was observed. A 4.0 per cent solution of cane 
sugar at 15°C., on the other hand, has an osmotic pressure of approxi¬ 
mately 208.2 cm. For most lyophilic systems much smaller values 
are encountered than the one given above for egg albumin. As a 
matter of fact, in mast instances the osmotic pressure is only 1.0 to 
2.0 cm. For many lyophobic systems the pressure is too low to be 
measured. Therefore, the amount of osmotic pressure exerted by 
colloidal solutions is usuall}'' so slight that it is customary to disregard 
it as a fundamental characteristic of the colloidal state. This does 
not mean, though, that osmotic phenomena are not important in 
biological systems because, for example, the process responsible for 
the turgor of bacteria and other cells is osmosis. 

Very few quantitative data have been recorded on osmotic phenom¬ 
ena in bacteria. In general, a bacterial cell may be regarded as a col¬ 
loidal protoplasmic mass contained in a semipcrmeable envelope, the 
ectoplasm (cytoplasmic membrane), and surrounded by a cell wall 
[see Lewis (1941)]. Although some organisms may contain cellulose 
or hemiccllulose, or chitin or pectin-like substances, the ectoplasm is 
probably not made up of these substances. Because of the minute 
size of bacteria, differential analyses of cell walls and contents are not 
simple. In some organisms, such as Bacterium cyanogenes, it has been 
reported that the cell wall is sharply distinguished from the cytoplasm, 
whereas in others, such as spirilla, the cell wall is so slightly differ¬ 
entiated that it is difficult to tell whether one actually exists. Future 
studies using the electron microscope will help a great deal to settle 
such points. In this respect the study by Mudd, Polevitzky, Ander¬ 
son, and Chambers (1941) on the bacterial cell wall in the genus 
Bacillus is very interesting. 

The permeability of the cell wall and the semipermeable cytoplasmic 
membrane of the cell probably varies according to the species of organ¬ 
ism, the age of the cell, the composition of the cell, the nature and 
amount of surface tension reducing substances in the medium, the 
temperature, the pH, and many other factors. The characteristics of 
these outer cell membranes influence morphology, growth, composition, 
and distribution of cell substances, osmotic phenomena, and important 
electrical properties of the cells. At this point it should be emphasized 



CERTAIN CHARACTERISTICS OF COLLOIDAL SYSTEMS 11 


that the cell wall may not always act as the only part of the cell which 
determines what substances may enter and what materials may leave 
the cell. Some differential action is usually attributed also to the 
ectoplasmic layer (cytoplasmic membrane) just inside the cell wall. 
That such ectoplasmic layers actually exist has been shown by Knaysi 
(1941) and others. That such structures behave as semipermeable 
membranes is deduced from the fact that there is normally an osmotic 
or turgor pressure of the cell contents when bacteria are immersed in 
water. According to Rideal (1930), the turgor pressure of cells is very 
low, being about 1.0 to 10 atmospheres. Insertion of many bacteria 
in hypertonic solutions effects plasmolysis. If the hypertonicity of 
the solution is not too great, the cells gradually adjust themselves to 
the new conditions, regain turgor, and continue to grow. If the hyper¬ 
tonicity is great, the cells remain permanently plasmolyzed and are 
finally killed. The phenomenon of swelling, or plasmoptysis, has 
been reported for bacteria, but it is not so easy to demonstrate as 
plasmolysis. Cases of negative osmosis in cylindrical but not spherical 
bacteria have also been recorded. In 1895 Fischer noted that cholera 
vibrios, immersed in a 2.0 per cent solution of salt after treatment 
with 0.75 per cent NaCl, underwent swelling instead of the anticipated 
shrinking. Some organisms, such as those in sea water and brines or 
on salted hides, can withstand considerable changes in environment 
(up to 28 per cent NaCl) without serious harm [see Stuart et al. (1933, 
1934)], whereas others are peculiarly sensitive to osmotic changes. 
In some species there appears to exist an optimum tonicity for growth. 

Imbibition is used to designate the taking in of water by protoplasm 
and other gels. There has been considerable controversy in the past 
among biologists as to whether this process is different from osmosis. 
We shall not attempt to discuss the controversy, since sufficient evi¬ 
dence has accumulated to show that imbibition is quite independent 
of osmotic pressure, as far as the respective physiological roles of the 
two are concerned. Since this point ^vill be discussed more fully in 
the section on hydrophilic sols and gels, pp. 22 to 30 of this chapter, 
only one example will be given here to demonstrate that imbibition is 
a characteristic of certain types of colloidal matter (protoplasm). 
Gortner (1937) quotes an example in which dry seeds will, by imbibi¬ 
tion, withdraw water from a saturated lithium chloride solution (os¬ 
motic pressure = 1,000 atmospheres), although their salt content is 
sufficient to account for only a few atmospheres of osmotic pressure. 
It is probably by this phenomenon that bacterial spores take up water 
and germinate and that certain bacteria are able to take up water and 
live in concentrated brine solutions. 
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4. Ultrafiltration. For the most part colloidal sols pass unchanged 
through filter paper (pores approximately 2 to 5 ju in diameter) or 
through the common porcelain filters (pores approximately 0.2 to 0.6 /x) 
used in the bacteriological laboratory. Ultrafilters have been devised, 
however, with pores sufficiently small to retain the dispersed phase of 
a colloidal system but large enough to allow the dispersion medium 
and its crystalloidal solutes to pass through. This process of separation 
is known as uUrafiUration. Ultrafilters are invariably colloidal gels, so 
that ultrafiltration may be defined as filtration of a sol through a gel. 
Such filters have been largely used to determine particle size in colloidal 
systems. For further discussion on this subject see the section on 
filtration, pp. 208 to 216 of Chapter 3. 

5. Viscosity, Plasticity, and Elasticity. Viscosity and plasticity 
measurements are extremely useful in the study of colloids. In fact 
Gortner (1937) states that ^^viscometric technique is of importance 
second to none in the study of lyophilic colloid systems.” Viscosity 
is that property of liquids which causes them to resist flow. It is 
practically synonymous with consistency. The standard or unit of 
viscosity is the poise (named after Poiseuille, the French physicist), 
which is represented by the Greek letter eta {rj). It is the tangential 
force required to maintain a velocity of 1,0 cm. per second between two 
parallel planes each 1.0 sq. cm. in area and 1.0 cm. apart. The centi’- 
poise is 0.01 of a poise. Fluidity measures the tendency to flow and is 
therefore the reciprocal of the viscosity. Plasticity is somewhat dif¬ 
ferent from viscosity and requires a little more explanation. Fluids 
flow imder the smallest conceivable shearing stress, for example, by 
virtue of their own weight. On the other hand, there are many sub¬ 
stances to which external pressure must be applied before flow begins. 
Such substances are said to be plastic, and their flow is designated as 
plastic flow. The force, /, required to start plastic flow (as distinguished 
from viscous flow) is termed the yield value (see Fig. 1). The yield 
value represents the force required to convert a static system into a 
moving or dynamic system. Plasticity, therefore, differs from viscosity 
in that, when plastic materials are dealt with, a determination must 
be made of the yield value as well as the rate of flow per unit of force 
applied. 

Viscosity values may be expressed as relative to a standard or as 
absolute. In the first case, water is the customary standard and has 
an absolute viscosity of 1.005 centipoises (0.01 poise) at 20®C. In the 
second, the value is expressed in dyne seconds per square centimeter, 
or poises, and is known as the coefficient of viscosity. For example, at 
20®C. water has an absolute viscosity of 0.01 poise, olive oil 0.84 poise. 
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and glycerin 8.30 poises. The relative viscosity value (water as stand¬ 
ard) for glycerin is therefore 830, which means that glycerin is 830 
times as viscous as water at 20°C. 

Various types of instruments, called viscosimeters, are available for 
measuring the viscosity of fluids. The most commonly used type is the 
Ostwald viscosimeter, with which the time of flow through a capillary 
orifice under a fixed head or pressure is determined. Other instruments, 
such as the MacMichael and the falling-ball viscosimeters, are fre¬ 
quently used in industry [see Gortner (1937)]. 



Fia. 1. Diagrammatic Representation 
of the Relationship between Viscosity 
and Plasticity. 



CONCENTRATION OF DISPERSED PHASE 


Fia. 2. Diagrammatic Representation 
of the Relationship between Viscosity 
and Concentration in Lyophilic and 
Lyophobic Systems. 


Colloidal systems show a wide range in viscosity or plasticity. 
Usually the lyophobic sols exhibit a viscosity only slightly higher than 
that of the pure dispersion medium, and this viscosity increases very 
slightly when the concentration of the dispersed material is increased 
(Fig. 2). On the other hand, lyophilic systems (sols and gels) may 
reach very high values for viscosity, and since some are truly plastic 
they may have relatively high yield values. With lyophilic colloids 
we do not have a linear relationship between viscosity and the concen¬ 
tration of dispersed phase, but rather a parabola (Fig. 2). Tliis is 
thought to be due, in part at least, to the fact that lyophilic systems 
are solvated, and accordingly the dispersed phase has associated 
with it a large or small amount of the dispersion medium. Thus 
the actual amount of the dispersion medium is decreased with each 
added increment of the dispersed phase. This intimate relationship 
between the solvent and the solute has led Ostwald, Gortner, and others 
to believe that there are at least eleven factors which must be considered 
and controlled when viscosity studies are being made on lyophihc 
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systems. These factors are: (1) degree of dispersion, (2) solvation, 
(3) electrical charge, (4) previous thermal treatment, (5) previous 
mechanical treatment, (6) presence or absence of other lyophilic col¬ 
loids, (7) presence or absence of electrolytes, including changes in hy¬ 
drogen-ion concentration, (8) age of the sol, (9) rate of shear, (10) 
temperature, and (11) concentration. 

Protoplasm in general shows a wide range in viscosity values. It 
may have a relative viscosity from above a minimum of 10 to 20 times 
that of water to the practically infinite value of a firm jelly. According 
to Seifriz (1936), values between 800 (that of glycerin) and 8,000 (that 
of a thick sirup) represent the more usual ones for fluid protoplasm, 
though relative values as low as 10 to 20 may occur. An extreme 
upper value is that of the resting stage of myxomycete (slimc-mold) 
during winter, when the plasmodium becomes as hard and brittle as a 
thin sheet of dry gelatin. The viscosity of such a brittle sheet of proto¬ 
plasm is infinite. 

The viscosity of bacterial protoplasm, as well as that of other cells, 
probably passes through a wide range of values in its normal life. 
These changes are coincidental with changes in physiological activity. 
It has been reported that in young cells in an active state of growth 
and metabolism the viscosity of cellular protoplasm is relatively low, 
whereas in older and dormant cells it becomes greater. Environmental 
factors, such as changes in temperature, salts, and pH, may alter the 
normal viscosity of protoplasm. Death brings about a marked change 
in the viscosity of protoplasm; the usual change is coagulation, although 
this is often replaced or followed by complete disintegration. 

Falk and Harrison [see Falk (1928)] have reported on the influence 
of pH upon the viscosity of washed and unwashed suspensions of 
Escherichia coli. In Fig, 3 the effects of pH on the viscosity of suspen¬ 
sions containing 8.3, 10, 17, and 50 billions of bacteria per millimeter 
are presented. It appears from the curves in Fig. 3 that viscosity 
increases slightly with increasing concentrations of bacteria and that 
the effect of pH is significant only in zones near pH 3.8 and 13.0. 
It is interesting to note that in these zones of pH the suspensions show 
agglutination. For further interesting data on this study the original 
article by Falk (1928) should be consulted. 

Variations in the viscosity of gelatin media have been used by Levine 
and Shaw (1924), Werkman and Stahly (1933), and others to follow 
the proteolytic changes brought about by bacterial action. Such a 
method seems to be much more quantitative than one in which pro¬ 
teolysis is determined merely by gelatin liquefaction in a “gelatin 
stab^' tube. 
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Elasticityf in general, implies ‘^springiness^' or resilience. It may 
be defined as that property of a substance which causes it to resist de¬ 
formation and thereby to recover its original shape and size once it has 
been deformed. Although elasticity is not a property of all colloidal 
systems, it is a characteristic of many lyophilic systems, especially 
certain gels. 



Fig. 3. The Influence of the ITydrogen-Ion Concentration on the Viscosity of 
Bacterial Suspensions {Escherichia coli) of Several Concentrations. (Redrawn from 
Falk’s chapter in Colloid Chemistry, edited by J. Alexander, Chemical Catalog 
Company, New York, 1928.) 

Our chief interest in elasticity is that protoplasm is elastic. It is 
the best indication that we have of the structure of living matter. 
Although the elastic qualities of higher plant and animal protoplasm 
have been studied by several workers, very few investigations have 
been made using bacteria. Wdmoscher (1930), by microdissection of 
bacteria under direct microscopic observation, noted that the cell 
membrane has enormous elasticity against pulling, stretching, and 
torsion. This important study should be consulted for details of the 
technique employed and for many interesting data and photomicro- 
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graphs. The elasticity of the protoplasmic strands of the myxomycetes 
has been studied in detail by several workers. For example, Norris 
(1940) observed that the modulus of elasticity for strands of Physarum 
polycephalum was about 9 X 10^ dynes per square centimeter at room 
temperature (23*^ to 24°C.) for increases in length up to 40 per cent; 
the value of the modulus was lower at 30°C. and higher at 10°C. Most 
of the material responsible for the elasticity did not appear to be con¬ 
centrated at the surface, because saponin had no effect on the elastic 
properties. Chloretone (2 : 1,000 aqueous) anesthesia had no effect 
on the elasticity of Physarum strands, although protoplasmic stream¬ 
ing was reversibly stopped. 

6. Optical Properties. The optical properties of colloidal systems 
help to distinguish them from true solutions, although it is not an 
easy task to make solutions that do not exhibit the Tyndall phenom¬ 
enon in any degree. So-called optically void distilled water even re¬ 
quires a special preparation. 

If a concentrated beam of light is passed through a colloidal solution 
in which the dispersed phase has a different refractive index from that of 
the dispersion medium, its path or ‘‘cone’^ through the solution is 
plainly visible as a milky turbidity when viewed at right angles. This 
phenomenon, known as the Tyndall effecty is due to the reflection and 
scattering of the light by particles in the medium. It is similar to the 
commonplace event of the rays of a projection lantern or a beam of 
sunlight passing through the dust-laden atmosphere of a dark room. 
The true nature of the Tyndall phenomenon becomes apparent when 
colloidal systems are viewed by dark-field illumination or under the 
ultramicroscope (not to be confused with the electron microscope). 
With the ultramicroscope a very fine, intense beam of light is focused 
in a colloidal system and its path observed with a microscope placed 
at right angles to the beam. 

Although considerable qualitative information in regard to colloid 
systems can be obtained by use of the Tyndall beam, it is not directly 
applicable to a careful study of colloids. Lyophobic colloids, as a rule, 
show intense Tyndall cones, whereas lyophilic systems may show a 
faint cone or almost none at all. The degree to which a cone is shown 
depends upon the difference between the refractive index of the dis¬ 
persion medium and the dispersed phase. The greater the difference 
in refractive index between the two phases, the stronger will be the 
Tyndall cone. Since the human eye is sensitive to only a narrow band 
of the electromagnetic spectrum, the Tyndall cones ordinarily seen 
are derived from only a small portion of the spectrum. When ultra¬ 
violet light is used as a source of illumination, we are usually unable 
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to see the resulting cones. Thus many systems which normally are 
optically empty to the eye may show a marked Tyndall beam when 
photographed under ultraviolet light. 

Few studies have been conducted on biological material with the 
ultramicroscope, although for many years the bacteriologist has used 
dark-field illumination to facilitate the observation of certain struc¬ 
tural features of bacteria. 

The refractive index of bacteria, as determined by sodium light in 
media at 15°C., probably lies between 1.33 and 1.44. Von Angerer 
(1923) observed that bacteria are just visible in a 1.0 per cent NaCl 
solution and invisible in amyl alcohol. The refractive index of spores 
has been reported to be somewhat greater than 1.55. Bacteria in 
general are translucent and transmit 60 to 70 per cent of visible light. 
As the cells grow older or produce pigment, they become less translu¬ 
cent. Radiations in the region of the spectrum between the wave¬ 
lengths 400 mM and 180 m/x are almast completely absorbed by bacteria. 
This absorption of rays of short wavelength is directly related to the 
germicidal action of ultraviolet light. Amann (1893) discovered that 
the cell wall of bacteria shows double refraction (birefringence) in 
polarized light. 

Bacteria in suspension scatter light rays and exhibit the Tyndall 
cone. Advantage is taken of this property to measure densities of bac¬ 
terial suspensions and to enumerate the cells in them by means of scales 
for comparison of densities or by calibrated nephelometers. 

7. Electrical Properties. A very important property of colloidal 
particles is the fact that they are generally electrically charged with 
respect to their surroundings. Certain colloidal particles are negatively 
charged, whereas others carry a positive charge. Thus, when an 
electric current is passed through a colloidal system, it will be found 
that, if the particles are positively charged, they will move toward 
the cathode and, if negatively charged, they will migrate to the anode. 
One of the most active fields of research in colloidal physics in recent 
years has had for its object the determination of the magnitude and 
nature of the charge on colloidal particles. Much of the experimental 
work has dealt with electrophoretic phenomena (cataphoresis and 
anaphoresis). These studies will not be reviewed here. For a general 
discussion on the electrical properties of colloids the exhaustive review 
by Abramson (1934) and the very readable treatise by Weiser (1939) 
should be consulted. 

The importance of studies of the electrical properties of colloids 
and their application to biological research should not be regarded too 
casually, for in such studies probably lies an explanation to many 
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fundamental biological processes. Later in the chapter, on pp. 41 
to 57 on electrophysiology, this subject will be discussed more fully, 
and several examples pertaining to bacteriology will be listed. 

8, Specific Gravity. Measurements of specific gravity usually are 
not discussed under colloids. But, since a few data with relation to 
bacteria are available, the subject should be considered here. 

The specific gravity of any substance is the ratio of the weight of a 
given volume of the material to the weight of an equal volume of a 
standard substance. The density of a substance is defined as the weight 
of a unit volume. When the metric system is employed, the weight 
of 1 ml. of water at 4°C. is taken as the standard. Thus at this tem¬ 
perature, but not at others, the specific gravity and density of water 
are numerically equal. 

Specific gravity values are usually expressed on scales, such as with 
the well-known Twadell and Baum4 hydrometers. With the Twadell 
system the degrees registered on the hydrometer scale are multiplied 
by 6 and added to 1.000 to give specific gravity. The scale on a Baum6 
heavier-than-water hydrometer is wholly arbitrary. At 17.5°C. zero 
degree (0°) is the point to which the hydrometer sinks in pure water, 
and 10° the point to which it sinks in a 10 per cent solution of NaCl. 
The portion of the scale between 0° and 10° is marked off into 10 
equal parts and used as the ruler to mark the entire scale. For use 
with liquids lighter than water the scale is reversed. Tables for the 
conversion of specific gravity or degrees Baum6 into concentrations 
have been prepared for many substances used commercially, especially 
alcohols, sugars, salts, and acids. 

On account of a number of variables, determinations of the specific 
gravity of bacteria are somewhat unsatisfactory. Differences in the 
specific gravity may be caused, for example, by the water-content; 
the relative proportion of light substances, such as fats, to substances 
such as proteins and carbohydrat/es, which have a specific weight greater 
than that of water; the age of the cells; and the conditions of cultiva¬ 
tion. Older studies, such as the one by Stigell (1908), are of little 
value today. Stigell studied the specific gravity of 27 different bacteria 
by centrifuging them in various concentrations of Nal, and found 
that they ranged in specific gravity from 1.118 (Staphylococcus citreus) 
to 1.321 (Staphylococcus aureus). More recently Ruffilli (1933) used 
a better technique and reported the following values: 1.094 for Escheri¬ 
chia colif 1.129 for an air coccus, 1.105 for Bacillus subtilisy and 1.115 
for the spores of B. subtilis. Values for the specific gravity of yeasts, 
bacteriophage, and viruses have been published and are essentially 
the same as those given above for bacteria. 
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THE EFFECT OF ELECTROLYTES ON COLLOIDAL SYSTEMS 

The effect of electrolytes on lyophobic and lyophilic colloids has 
been the subject of many studies. Only a few general remarks will be 
made here with respect to flocculation, 'protective colloids, and the lyo¬ 
tropic series of Hofmeister. For further details on the action of electro¬ 
lytes on colloids the references and books on colloid chemistry should 
be consulted. 

Flocculation (Precipitation). It has been mentioned already 
that colloid particles are stabilized by an electric double layer, and, 
if the charge is neutralized, the particle becomes isoelectric and floccula¬ 
tion results. It thus becomes evident that, if electrolytes are added to 
colloidal solutions, they will have a marked effect upon the properties of 
the colloidal system. In general, those colloids which are 'negatively 
charged become isoelectric and are precipitated by the cations of an 
added electrolyte, whereas positively charged particles are sensitive 
to added anions. However, as an electrolyte is usually added to a 
colloidal solution, the charge on the particles is progressively decreased 
to zero and then increased with further addition, thereby forming a 
new system with a charge opposite that of the original. Although not a 
hard and fast law, the flocculating power of an ion follows the rule that 
the precipitating power of an electrolyte depends upon the valency of the 
ion whose charge is opposite to that on the colloid particle. The influence 
of valence is not an arithmetical (1:2:3) ratio but more closely 
resembles geometrical progression \ x : x^), which in some cases (x) 
has a value somewhere between 16 and 32. Thus, for example, colloidal 
particles with a negative charge are coagulated by the cations, Na"^, 
Ca"*""^, and but are not affected to any degree by the anions, 

01““, S 04 “, and P 04 ^. On the other hand, the reverse is true for 
colloidal systems with a positive charge. If (x) had a value of 20, it 
would mean that Ca”*^ is 20 times as efficient a precipitating agent 
as Na"^ and that Al"^”^"^ is 400 times better than Na*^. 

It is generally believed that the precipitating action of electrolytes 
upon lyophobic sols (suspensoids) is due almost entirely to the effect 
on the stabilizing electric potential (Fig. 4). Kruyt and his coworkers 
[see Kruyt (1930)] have shown that the potential does not have to drop 
to zero before the system becomes unstable; rather there is a critical 
zone in the vicinity of the isoelectric point where the magnitude of the 
electric charge is not sufficient to insure indefinite stability of the lyo¬ 
phobic system. On the other hand, lyophilic sols (emulsoids) are stabi¬ 
lized by the electric charge plus solvation (Fig. 4). Therefore, if small 
amounts of electrolytes are added to a lyophilic sol, they influence only 
the electric charge on the particles; but the addition of larger quantities 
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of electrolytes influences the degree of solvation and brings about pre¬ 
cipitation. Since the liquid of solvation influences the stability of 
lyophilic sols, the apparent effect of electrolytes on such systems is 
much less marked than on lyophobic sols. 

Another phenomenon which should be mentioned here is that a 
quantity of electrolytes which is capable of producing complete pre¬ 
cipitation when added all at once to lyophobic sols (suspensoids) is 

CHARGED EMULSOfO CHARGED SU5PENS0ID 

LYOPHILIC SOL LYOPHOBIC SOL 



PRECIPITATING 


UNCHARGED EMULSOID PARTICLE 

Fig. 4. Factors Involved in the Precipitation of Colloids. (Reprinted, by permis¬ 
sion, from CoWoida by Kruyt and Van Klooster, John Wiley & Sons, New York, 1930.) 

ineffective when added in small quantities. This phenomenon, which is 
exhibited also when toxins and antitoxins are mixed together, is thought 
to be due to the fact that precipitation depends on inequality and 
irregular distribution of electric charges, a condition which becomes 
established when the electrolyte is suddenly added, but not when it is 
gradually added. 

Two hydrophilic sols of opposite signs of charge may coagulate each 
other under proper conditions. The mutual precipitation of colloids 
is of considerable importance in certain industries, such as the dyeing 
of fabrics and the coagulation of the collagen of hides by tannin in the 
tanning process. 

The phenomena which have been discussed are of considerable im¬ 
portance in several reactions used by the bacteriologist and immunolo¬ 
gist. 
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Protective Colloids. From the foregoing discussion it can be seen 
that lyophilic colloid sols are much more resistant to the precipitating 
action of electrolytes than are lyophobic sols. Thus, if a certain concen¬ 
tration of a lyophilic colloid, such as gelatin, is placed in a lyophobic sol, 
such as a nuclear gold sol, it is usually sufficient to '^protect'' the lyo- 
phobe from the precipitating action of electrolytes. This phenomenon 
is known as protective colloid action. The protective action on a given 
sol varies widely with different substances, and in 1903 Zsigmondy and 
his associates devised what they called the gold number as a means of 
measuring the relative protective power of a given substance. The 
gold number is defined as the number of milligrams of protecting 
colloid added to 10 ml. of Zsigmondy’s red gold sol which just fails to 
prevent the change in color from red to blue on the addition of 1.0 ml. 
of 10 per cent NaCl solution. Several gold numbers are: 


Gelatin 
Casein 
Gum arable 
Sodium oleate 
Dextrin 
Potato starch 


0.005-0.01 
0.01 
0.15-0.5 
0.4-1.0 
6.2 
25.0 


Gelatin is the most efficient lunong the protective colloids, that ts, 
less is needed, since it is most resistant to electrolytes. It should be 
emphasized that the gold number gives only a rough indication of the 
protective action, because it is influenced by a number of factom, such 
as the size of the particles in the gold sol, the pH of the system, and the 
degree of dispersion of the protecting colloid. 

The protective action of organic matter plays an important part in 
many physiological processes. For example, the curdling of milk is 
due to the action of electrolytes on the casein. However, in the presence 
of lactalbumin, which is more resistant to electrolytes than casein, 
coagulation is much more difficult. The resistance of many bacteria 
in nature to the harmful rays of the sun, such as ultraviolet rays, is 
thought to be due in part to the protective action of organic matter. 
In the past the gold number (Lange’s gold sol reaction) has been used 
somewhat in medicine for the diagnosis of certain diseases. The gold 
number of the spinal fluid of a normal person is a fairly definite value. 
Certain pathological fluids, on the other hand, have been reported as 
deviating markedly from the normal value. 

Several theories of the protective action of colloids have been pro¬ 
posed. The action is probably due to the adsorption of a thin film of 
the lyophilic colloid on the surface of each particle of the lyophobic 
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colloid. This adsorption in turn alters the properties of the lyophobic 
system. 

The Lyotropic Series (Hofmcister Series). From the preceding 
discussion of flocculation it might be assumed that valency is the only 
factor involved in the behavior of ions toward a colloidal system. This 
however, is not the case, since, for example, a group of monovalent 
ions possesses ^\^thin itself varying degrees of ability to precipitate col¬ 
loidal systems. In a series of papers from 1888 to 1891, Hofmeister 
reported on the effects of various anions and cations on the coagulation 
of proteins (egg albumin). He found the following order of increase 
in coagulating power: 

а. For the anions: 

Citrate > Tartrate > SO4 > Acetate > Cl > NO3 > CIO3 > I > CNS 

б. For the cations: 

Li > K > Na > NH 4 > Mg 

Similar lyotropic series have since been obtained and studied in detail 
by others. Also several theories have been advanced to account for 
the observed differences in behavior of the various salts on colloid 
systems, but they will not be discussed here. 

The behavior of the lyotropic series of ions is not limited to its 
effect on colloidal systems, since it has been demonstrated many times 
in other connections. Weiser (1939) reports that among the physico¬ 
chemical phenomena hy which the lyotropic series manifest themselves 
are their effects on: ( 1 ) the surface tension of water; ( 2 ) the displace¬ 
ment of the maximum density of water; (3) the rate of inversion of 
cane sugar; and (4) the solubility in water of nonelectrolytcs, such as 
the amino acids, urea, quinone, and hydroquinonc. To this list we 
might add a bacteriological example, namely, the toxic effects of 
cations and anions for bacteria. This point will be discussed later in 
more detail in Chapter 4, The Effects of Chemical Agents on Bacteria. 

HYDROPHILIC SOLS AND GELS 

The preceding discussion has been concerned mainly with colloidal 
sols, although it has been mentioned that certain sols may be trans¬ 
formed into semisolid or rigid gels by increasing the content of the 
disperse phase or may pass spontaneously into such gels by an aggre¬ 
gation of the particles. In certain cases, especially with lyophilic 
colloids, the sol ^ gel transformation is a reversible reaction. Thus, 
for example, with ordinary bacteriological gelatin or agar media, 
temperature and hydrogen-ion concentration in a large measure de- 
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termine whether the system will be a sol or a gel. Some of the properties 
of gels are retained in their sols; a firm gelatin jelly is elastic, and so 
also is liquid gelatin under certain conditions. 

Attempts have been made to state arbitrarily when a sol ceases to be 
a sol and becomes a gel. All such attempts have led to confusion. It 
may be said, however, that a gel firm enough to maintain its shape 
unsupported is a true gel, but if it collapses and flows freely, it is a sol. 
A more important point to realize is that certain lyophilic colloidal 
systems exist in a state that is not truly solid or liquid and retain some 
of the properties of each state. 

HYDROPHILIC SOLS 

A hydrophobic or hydrophilic sol may be defined as a colloid system 
in which the dispersion medium is water. In the hydrophilic sols there 
is a closer attraction or affinity between the dispersed phase and water 
than is found in hydrophobic sols, with the result that the particles in 
hydrophilic sols are surrounded by a so-called hydration shell. This 


TABLE 2 


Certain Characteristic Properties of Hydrophobic and Hydrophilic Sols 

(Reprinted, by permission, from Colloid Chemisiry by Weiser, published by 
John Wiley & Sons, Inc.) 

Type of Sol 

Hydrophobic 


Property 

Presence of electrolyte 

Stability toward electro¬ 
lyte 

Reversibility of coagula¬ 
tion 

Ultramicroscopic image 
Electrical charge 
Electric field 
Viscosity 


Small amount essential 
for stability 

Coagulated by small 
amounts 

Irreversible as a rule 

Bright particles in mo¬ 
tion 

Definite sign, not read¬ 
ily changed 

Particles migrate 

About the same as for 
H 2 O, if the tempera¬ 
ture is the same 


Hydrophilic f 

Not essential for stability 

Not coagulated by small 
amounts 

Reversible as a rule 

Diffuse light cone 

Sign changed readily by suit¬ 
able change in pH 

Particles may or may not 
migrate 

Viscosity greater than HjO 
and rises rapidly with de¬ 
creasing temperature and 
increasing concentration of 
dispersed phase 


* Examples: sols of elements, oxides, and salts, 
t Examples: sols of proteins, higher carbohydrates, and soaps. 
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accounts for part of the differences between the two classes of sol 
systems that are given in Table 2. It should be mentioned, however, 
that no classification of this type is perfect. It is true that typical 
hydrophobic and hydrophilic sols show the characteristic differences 
given in the table, but there are exceptions and borderline cases. 

Although the chemist may be interested in all types of hydrophobic 
and hydrophilic sols, the biologist is concerned mainly with the hydro¬ 
philic sols, because this group contains such substances as the proteins 
and higher carbohydrates. 

Before proceeding to a discussion of gels, it may be well to mention 
briefly a few of the factors which affect the stability of hydrophilic 
sols. 

Coagulation of Hydrophilic Sols. The coagulation of hydro¬ 
philic sols may be conveniently discussed under these headings: (1) 
coagulation by electrolytes, (2) coagulation by heat, (3) mutual coagu¬ 
lation, and (4) mechanical coagulation. 

1. Coagulation by Electrolytes. It has already been men¬ 
tioned that hydrophilic sols may be coagulated by electrolytes. In 
general, however, much larger amounts of electrolytes are necessary 
than with hydrophobic sols. Because of the high concentrations that 
are required for coagulation, the process is often spoken of as ^‘salting 
out.^^ 

In a negatively charged sol the cations favor coagulation and the 
anions oppose it, whereas in a positively charged sol the situation is 
reversed. The order of coagulating power of anions and cations for 
an albumin sol has already been given in the discussion of the lyotropic 
series of Hofmeister. Gelatin sols are like albumin sols in that they 
require relatively high concentrations of alkali salts for coagulation. 
According to Weiser (1939), 4 AT KCl and 0.75 N Na 2 S 04 are needed 
to coagulate a gelatin sol. Sols of agar, gum arabic, and starch are 
similar to gelatin in their behavior toward neutral electrolytes. 

None of the hydrophilic sols is precipitated simply by bringing the 
charge on the particles to zero (isoelectric point). The system also 
has to be dehydrated. 

2. Coagulation by Heat. Certain protein sols, such as albumins 
and globulins, coagulate at a definite temperature which is relatively 
constant for each protein. A familiar example is the coagulation of 
egg white when eggs are cooked. The destruction of bacteria by heat 
is another important bacteriological example. 

It is generally believed that the phenomenon of heat coagulation in¬ 
volves at least three distinct processes: 

DencUuralion, which is apparently an intramolecular rearrangement 
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whereby certain chemical groups that are not detectable in the native 
protein appear in the modified product. The modified protein is called 
denatured protein. Although denaturation is necessary, it is not suffi¬ 
cient to produce the final coagulated material. 

Flocculation of the denatured molecules is the second process. Studies 
indicate that this process closely resembles the flocculation of certain 
hydrophobic colloids where the electric charge is the predominating 
stability factor. 

Irreversible coagulation consists in the formation of an insoluble 
coagulum from the flocculated mass. 

3. Mutual Coagulation. Two hydrophilic sols of opposite charge 
may at times coagulate each other. 

4. Mechanical Coagulation. Certain hydrophilic sols may be 
coagulated by shaking or by other means of agitation. It is thought 
that under certain conditions bacteria may be destroyed in a similar 
fashion. 

The Isoelectric Point of Certain Hydrophilic Sols (Proteins). 

The stability of protein sols, such as gelatin, is at a minimum 
at the isoelectric point. The isoelectric point of colloidally dispersed 
material is the pH value or hydrogen-ion activity of the dispersion 
medium at which the dispersed phase does not migrate in an electric 
field. Table 3 gives the exact isoelectric point or range of isoelectric 
points for a few proteins and other amphoteric substances,* as 
reported by several investigators [Weiser (1939), Svedberg and 
Pedersen (1940)]. 


TABLE 3 

Isoelectric Points of Se\^ral Substances as Reported bt Various 

Investigators 


Substance 

Isoelectric 
Point, pH 

Lactalbumin 

5.12 

Casein 

4.6-4.9 

Gelatins 

4.4-5.6 

Pepsins 

2.5-3.3 

Trypsin 

7.0-8.0 

Protamins 

10.0-12.4 



Isoelectric 

Substance 

Point, pH 

Cytochrome c 

9.7 

Yellow enzyme 

5.22 

Mycobacterium tuberculosis 


protein 

4.3 

Antipneiimococcus serum 


globulin (horse) 

4.4 

Bushy-stunt virus protein 

4.11 


Several other properties of such sols which are usually at a minimum 
at or very close to the isoelectric point are viscosity, osmotic pressure, 
precipitation by alcohol, and conductivity. 
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HYDROPHILIC GELS 

Gels are usually defined as rigid or semisolid colloidal systems. 
They are usually classified into two groups: (a) nonelastic or won- 
swelling gelsj and (b) elastic or swelling gels. Examples of the first 
group are gels of such inorganic substances as chromic oxide and silica; 
ordinary bacteriological gelatin and agar media are the best examples 
of the second group. The elastic gels are of greater importance to the 
bacteriologist and will be given more attention here. The nonelastic 
gels, other than silica gel, are of little importance to the biologist. 
[For a review and an easy method of preparing silica gel for bacteri¬ 
ological use see the paper by Moore (1940)]. Compared with certain 
other media, silica gel offers larger pore size, lower pouring tempera¬ 
tures, and the possible presence of more free water to carry nutrients 
to the cells. 

The ability of a given system to gel is in direct proportion to the 
affinities which exist between the dispersed phase and the dispersion 
medium. If the dispersion medium is strongly attracted by the dis¬ 
persed phase, the dispersed particles becomes highly solvated and 
surrounded by ^^shells^^ of the dispersion medium. The viscosity of 
the system increases during the solvation process until a semisolid or 
rigid jelly is formed. Another way to visualize the process of gela¬ 
tinizing of hydrophilic sols is as an agglomeration of hydrated 'particles 
which retain the remaining water inside the capillary spaces between 
them. For sols of the silica type this agglomeration occurs simply by 
electrolyte flocculation and is irreversible. In sols of agar or gelatin, 
the agglomeration is controlled mainly by temperature and is reversi¬ 
ble. In regard to the reversibility, however, it must be remembered 
that the temperatures of initial gelatinizing and of ^‘melting^^ are never 
quite the same. For example, a gelatin sol solidifies at around 26° to 
28°C., and the resulting gel melts at around 31 °C. For agar sols 
these limits are much farther apart: gelatinizing takes place at about 
35° to 40°C., and melting starts around 85° to 95°C., with complete 
liquefaction occurring at 100°C. 

Undoubtedly gels have a structure, but little is actually known about 
their internal configuration. The two most important theories which 
have been postulated for gel structure are: (a) a honey-comb structurej 
in which the dispersed phase forms a fairly uniform network of cell- 
like walls, the interior being filled with the dispersion medium; and (b) 
a brush-heap or sponge structure, in which ultramicroscopic fibrils are 
interlaced into a mass throughout the system, and the dispersion 
medium is held within the mass by capillary forces. Most workers 
favor the brush-heap structure or a modification of it, since both the 
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liquid and solid phases in a gel appear to be continuous, and the fibrils 
frequently appear to be symmetrically arranged, overlapped, and con¬ 
centrated at regular intervals [Seifriz (1942)]. 

Some knowledge of gels is very important to the bacteriologist for 
various reasons. Many of the media used in bacteriological studies 
are simply agar or gelatin gels. The jelly-like nature of bacterial proto¬ 
plasm undoubtedly gives it that continuity in structure, or organiza¬ 
tion, so necessary as a background for the multiplicity of reactions 
which take place in such a living cell. 

Formation of Gels. Gels may be formed by several methods, 
although only two are of importance to the bacteriologist. Briefly 
they are: (a) by allowing a sol to ‘‘set-up^^ by a change in temperature 
(cooling); melted agar and gelatin media arc examples of this method; 
(b) by altering the pH or electrolyte content of a sol; the formation of 
a silicic acid gel by the addition of an acid to sodium silicate is the best 
example of this method. 

General Properties of Gels. Several of the more important 
properties of gels may be briefly mentioned here. Since some of the 
general characteristics of colloids, which also may at times apply 
to gels, have already been enumerated, these properties will not be 
repeated. 

1. Syneuesis. This phenomenon, which was first observed by 
Graham in 1861 with silica gels, occurs to a greater or lesser extent 
in all gels. The word itself means a ^‘drawing together.^^ Thus synere- 
sis is contraction of gels, which results in the giving off of water. The 
gel ^‘sweats,” so to speak. Since the jelly-forming process consists in 
the coagulation of the hydrous particles into an enmeshing network, 
the syneresis which follows the initial set is the visible manifestation 
of further slow agglomeration and coagulation, accompanied by the 
squeezing out of some of the dispersion medium. The more rapid the 
^*set,^’ the sooner the gel starts to synerize. 

The separations of water from fresh agar slants, of serum from 
clotted blood, and of whey from curds in sour milk are phenomena of 
syneresis which are of interest to the bacteriologist. The exudation of 
water and other fluids from protoplasm and cells may, in certain cases, 
be due to syneresis. 

2. Thrixotropy. If a suitable amount of electrolyte is added to a 
fairly strong sol, such as ferric oxide, and the mixture is allowed to 
stand, it will set to a jelly which is no more cloudy than the original 
sol. If the resulting gel is then shaken, a sol is again formed which 
sets once more when allowed to stand. This phenomenon may be 
repeated many times with the same system. Such a reversible sol-gel 
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transfonnation has been termed thrixotropy. The word thrixotropy 
is derived from the Greek and means literally ^^to change by touching/^ 
Gelatin and agar sols will also liquefy reversibly at constant temperar 
ture if shaken before the structure has set too firmly. 

According to Seifriz (1936), thrixotropic phenomena occur in proto¬ 
plasm, since slight agitation of highly viscous protoplasm will often 
reduce its consistency. Such changes also occur under certain con¬ 
ditions with tobacco mosaic virus, myosin, and other biological ma¬ 
terials [Freundlich (1942)]. 

3. Swelling, Imbibition, and Water Relationships. Almost all 
the substances which form the so-called elastic gels swell in a suitable 
liquid or in the vapors of such liquid. The taking up of water, when 
accompanied by swelling, is imbibition. Thus dry gelatin, agar, fibrin, 
and starch swell in water at ordinary temperatures to form thin jellies 
but are transformed into sols at higher temperatures. Albumin swells 
in water but not in alcohol, benzene, or ether. 

The swelling of gels may exert a very high pressure. For example, 
it has been reported that starch swells against a pressure of 2,500 
atmospheres (approximately 37,000 lb. per square inch), and dried 
seaweeds will take up water against a pressure of 41 atmospheres. 
Gels on shrinking also exert a pull. The dehydration of gelatin pulls 
with suflScient force to bend or chip the glass to which it is attached. 

The effect of pH and salts on swelling has been studied extensively 
with gelatin and other elastic gels. Concerning such effects, Weiser 
(1939) pointed out that the swelling of gelatin, for example, approaches 
a minimum value at the isoelectric point, increasing on either side of 
pH 4.7. Salts influence the swelling of gelatin, some increasing and 
some decreasing it. For sodium salts the swelling follows the order of 
the lyotropic series: 

а. For anions: 

CNS > I > Br > NO 3 > CIO 3 

> Cl > Acetate > Citrate > Tartrate > SO4 

б. For cations: 

Cs > Li > Rb > K > Na > NH4 

Fibrin behaves much like gelatin in the presence of salts, but agar 
swells less in any salt solution than in water. 

The elastic organic hydrogels lose water continuously in dry air, just 
as do the inorganic hydrogels. The two differ, however, in that the 
dehydration of inorganic gels is not reversible, whereas dry flakes or 
sheets of the elastic gels take up water and swell again in the presence 
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of water. The state of water in hydrophilic gels has been the subject 
of many investigations. Gortner and associates at Minnesota have 
come to the conclusion that part of the water in such systems differs 
in certain physical properties from water in bulk. Such water is said 
to be “bound^^ in the sense that the molecules have been so reduced 
in activity that they may be exposed to low temperatures without 
being oriented into the crystalline lattice characteristic in ice. For 
instance, Jones and Gortner (1932) found that the free water in gelatin 
freezes at approximately — 6®C., whereas the bound water does not 
freeze even at — 50°C. They reported also that the amount of bound 
water varied with the concentration of gelatin in the gel; 0.70g. of water 
per gram of dry gelatin being bound in a 32 per cent gel and 4.675 g. 
in a 2.0 per cent gel. Gortner has emphasized this parallelism between 
bound water in protoplasmic material and biological behavior, and 
he suggests that the water relationships in biocolloids may determine, 
to a large degree, the vital activities of an organism. The bound ^ 
free water equilibrium is of primary importance for winter hardiness 
and drought resistance in plants, for winter resistance of insects, and 
for the regulation of cellular activities in general in both plants and 
animals. Possibly the resistance of bacterial spores to heat and cold 
and the ability of thermophilic bacteria to grow at high temperatures 
and of psycrophilic forms to grow at low temperatures are directly 
related to their bound free water equilibrium. 

4. Hysteresis. Hysteresis is a characteristic phenomenon of gels 
and has been spoken of as the “memory of a colloid system.” The word 
comes from the Greek and means literally “coming after” or a lagging 
of one process behind another. Although lyophobic sols show hystere¬ 
sis to a certain degree, the property is most marked in the case of lyo- 
philic gels. As used by workers in the field of colloids, hysteresis 
refers to the effect of past mechanical and thermal treatment on the 
present behavior of a colloid system. Thus, for example, when gelatin 
media are repeatedly melted and allowed to resolidify, the temperature 
of the melting point and also of the solidifying point becomes pro¬ 
gressively lower. This behavior is known as hysteresis. 

5. Elasticity. Another property of hydrophilic gels is elasticity. 
For instance, it has been reported that a 10 per cent gelatin gel can sup¬ 
port a weight of 2.42 g. per square millimeter, and a 45 per cent gel, 29.4 
g. per square millimeter for a short time and then resume their normal 
shape. This property is influenced by the presence of various sub¬ 
stances, such as salts, glycerol, and cane sugar in the gel. The volume 
of a jelly does not change when it undergoes extension. 

It will be seen from this brief discussion of gels that those properties 
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of protoplasm which characterize it fundamentally, such as swelling, 
imbibition, and elasticity, are also properties of gels. 

SPECIFIC SURFACE, SURFACE ENERGY, SURFACE TEN¬ 
SION AND INTERFACIAL TENSION, AND ADSORPTION 

The subdivision of a substance increases the area of its eflfective sur¬ 
face very greatly. Consequently surface forces, such as surface tension 
and interfacial tension, adsorption, and capillarity, are magmhed and 
of fundamental importance. 

SPECIFIC SURFACE 

The enormous increase in extent of surface and in specific surface 
(area/volume) on progressively subdividing a hypothetical cube of 
1.0-cm. diameter into smaller and smaller particles is shown in Table 4. 
It will be seen that the surface area increases from 6 sq. cm. to 60 sq. m. 
as the upper limit of the colloidal realm is reached, and the specific 
surface increases from 6 to 600,000. The area and specific surface of 
colloidal material are even greater if the mass possesses a porous struc¬ 
ture. 

From Table 4 it will be seen that a micrococcus with a diameter of 
1.0 M niay have a surface area of approximately 6.0 sq. m. (64.5 sq. ft.) 
per gram of mass. Thus such an organism may be expected to show 
many of the properties of matter in the colloid state. 


TABLE 4 

Increase in Surface by Decimally Dividing One Cubic Centimeter op Solid 

(From Colloid Chemistry by J. Alexander, courtesy of D. Van Nostrand Company) 


Number 

of 

Cubes 

Length 

of 

Edge 

Total Surface Area 

SpeciSo 

Surface, 

Surface area 

Volume 

Typical Object * 

Metric units 

U.S. units 

1 

10* 

10* 

10» 

lOi* 

10“ 

10“ 

10*^ 

1.0 cm. 

1.0 mm. 

0.1 mm. 
0.01 mm. 

1.0/i 

0.1/i 

0.01/1 

1.0 m/i 

6.0 sq. cm. 
60.0 sq. cm. 
600.0 sq. cm. 
6,000.0 sq. cm. 
6.0 sq. m. 
60.0 sq. m. 

600.0 sq. m. 

6,000.0 sq. m. 

0.93 sq. in. 
9.30 sq. in. 
93.00 sq. in. 
6.46 sq. ft. 
64.58 sq. ft. 
645.83 sq. ft. 

6,458.33 sq. ft. 

7,176.00 sq. yd. 

6 

60 

600 

6,000 

60,000 

600,000 

6,000,000 

60,000,000 

Small pea 

Fine shot 

Talcum powder 
Ameba 

Small bacteria 
Large colloids 

I Small colloids 
(Large molecules 
Molecules 


* Most of these objects are merely examples of approximate size, since they are not necessarily 
cubes. 
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SURFACE ENERGY 

If we define surface tension as the force that operates in each square 
centimeter of cross section of the surface to hold it together, then sur¬ 
face energy is the work required to increase the surface by 1.0 sq. cm. 
(at constant temperatures). Surface energy is the product of two 
quantities, the intensity factor (surface tension or interfacial tension 
in ergs per square centimeter) and the capacity factor (surface area in 
square centimeters). Surface energy is a very active form of energy 
and is readily converted into work or other forms of energy. The free 
surface energy of a given system is decreased under many conditions, 
such as (1) a reduction in area (capacity factor), or (2) a reduction of 
surface tension or interfacial tension (intensity factor). 

If a 1.0-cm. cube of water is dispersed into droplets 1.0 m/x on each 
edge (see Table 4), Gortner at Minnesota has calculated that the total 
surface energy (surface tension X extent of surface) increases from 
438 ergs to 4,380,000,000 ergs (105 cal.). 

SURFACE TENSION AND INTERFACIAL TENSION 

As a general rule liquids differ from gases in that their molecules are 
closer together and they are capable of assuming a definite form with 
a boundary. For instance, a gas always completely fills the container in 
which it is placed, whereas a liquid may occupy only a certain more or 
less fixed volume. Like gases, liquids possess kinetic energy, but 
because they have a surface they also exhibit surface energy. It is 
this surface energy which gives liquids many of the properties which 
are not possessed by gases. 

The boundary surface of a liquid differs essentially from the body of 
the liquid in that the molecules at the surface are, in general, arranged 
in an orderly fashion and oriented in some particular direction, whereas 
the molecules in the bulk of the liquid are apparently distributed at ran¬ 
dom. Usually the concentration of molecules per unit area in the surface 
layer is greater than it is in a similar volume within the body of the 
liquid. The layer of molecules on the surface behaves as if there were a 
‘^membrane^’ drawn over the bulk of the liquid and is responsible for 
the phenomenon known as surface tension. This apparent membrane 
is not identical with a rubber membrane, however, because the tension 
of rubber increases with stretching, whereas surface tension is inde¬ 
pendent of the enlargement of the surface. Space does not permit a 
discussion of the molecular orientation of various compounds, types 
of surface films, and similar subjects, although the bacteriologist is 
finding more need for such information. The book by Weiser (1939) 
is a very readable treatment of monomolecular films or monolayers. 
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Willard Gibbs in 1876 first deduced thermodynamically the relation 
between the change of concentration in the boundary layer and the 
effect of the dissolved substance on the surface tension of the liquid. 
He found that, if a substance lowers the surface tension, the boundary 
layer is richer in this substance than the body of the liquid; and, con¬ 
versely, if the substance raises the surface tension, the boundary layer 
is poorer. Variations in the concentration of the boundary layer are 
commonly called adsorption. Positive adsorption is that which occurs 
when there is an increase in concentration in the boundary layer, and 
negative adsorption is that which takes place when there is a decrease 
in concentration. As we shall point out shortly, positive adsorption is 
much more important than negative adsorption. 

Since a small drop of a liquid tends to form a si)here in a gas (air) 
and thus assumes a minimum surface area, it follows that in order 
to enlarge the surface, work will have to be done. The downward 
and lateral pull of molecules which are in the surface film or are entering 
the surface film as the surface is enlarged Ls the tension which is meas¬ 
ured and called surface tension. Therefore, surface tension is simply 
defined as the amount of work required to produce a new surface of unit 
area at constant temperature. The term surface tension applies only 
to the tension of a liquid against a gas (air). 

There are a number of ways of measuring surface tension, but they 
will not be discussed here, since everyone is familiar with the du 
Noiiy tensiometer, the most commonly used instrument for making 
such measurements. With the du Noiiy tensiometer direct readings in 
dynes per centimeter can be made. Some surface tension values in 
dynes per centimeter for certain liquid-air interfaces are: 

Chloroform = 26.20 at 25®C. Glycerol = 63.4 at 20°C. 

Methyl alcohol = 22.61 at 20®C. Mercury = 480.3 at 0°C. 

Ethyl alcohol == 22.27 at 20°C. Mercury « 436.0 at 15®C. 

Ethyl ether = 17.10 at 20°C. Water = 75.64 at 0”C. 

Benzene = 28.86 at 20 °C. Water = 72.75 at 20 °C. 

Aniline = 42.58 at 20°C. Water = 71.18 at 30°C. 

A great many factors influence the surface tension of a solution. 
For example, surface tension decreases with an increase in temperature 
and becomes zero at the critical temperature. Solutes may either in¬ 
crease or decrease the surface tension of a solution. The surface ten¬ 
sion of most salts in solution is greater than water. The strong bases 
also increase surface tension, but ammonia and nitric and hydrochloric 
acids lower it. The surface tension of water is lowered most strongly 
by organic compounds with long chains of carbon atoms or with one 
or more benzene rings. Such compounds are said to be surface active 
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or capillary active. Good examples of strong capillary-active com¬ 
pounds are the fatty acids, alcohols, and urethanes. Many colloidally 
dispersed substances, such as proteins, soaps, and certain dyes, like¬ 
wise exhibit high surface activity. On the other hand, the salts of the 
lower fatty acids and hydroxy acids have little effect on the surface 
tension of water. 

Interfacial tension differs from surface tension only in that surface 
tension refers to a liquid-vapor interface, whereas interfacial tension 
refers to a liquid-solid or liquid-liquid interface. As yet no satisfactory 
technique has been developed for accurately measuring the inter¬ 
facial tension of liquid-solid systems. However, the interfacial tension 
of liquid-liquid interfaces can be determined by techniques similar 
to those used for measuring surface tension. The following data, 
taken from Pound (1926), show certain values of the interfacial tension 
of pure organic liquids against a water surface: 



Interfadal 


Interfacial 


Tension at 


Tension at 


SOX, 


SOX. 

Cresol 

4.28 

Ether 

11.13 

Amyl alcohol 

4.89 

Chloroform 

31.41 

Aniline 

6.00 

Benzene 

32.5 

Ethyl acetate 

6.27 

Carbon tetrachloride 

42.75 

Amyl acetate 

10.88 

Carbon disulfide 

46.31 


Pound has pointed out that the greater the mutual solubility between 
two liquids, the lower will be the interfacial tension between them. 

Undoubtedly surface tension and interfacial tension are responsible 
for many of the phenomena which are characteristic of both lyophobic 
and lyophilic colloid systems. Likewise, many vital reactions are 
thought to be due to such phenomena. Cell division, ameboid move¬ 
ment, and protoplasmic streaming are only a few of the reactions in 
which changes in interfacial or surface tension are thought to be in¬ 
volved. That fission or cellular division of organisms, such as blue- 
green algae and bacteria, is due in part to surface activities may be 
seen from the following hypothetical example. First imagine a cell 
with a membrane of relatively uniform tension throughout. Now 
suppose that, because of certain specific chemical reactions within the 
cell, the surface tension of the membrane increases along a narrow 
band, encircling the cell like a belt until it is pinched into two cells, 
just as if a heavy rubber band were placed around the imaginary 
equator of a toy balloon. Although several investigators think that a 
process similar to this may happen in simple cell division, there is no 
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proof. Thus it is with almost all our surface-tension theories of vital 
processes. 

Surface tension (air-medium interface) may be an important factor 
in the growth of a microorganism, since those organisms (Bacillus 
subtilisj molds, etc.) which grow in a surface pellicle will find an en¬ 
vironment considerably different from that in the bulk of the liquid. 
Surface tension may also be significant in determining the type of 
growth in the bulk-of-liquid media. It has been reported by Larson 
at Minnesota, for example, that organisms may grow as a membrane on 
the surface of a broth medium with relatively high surface tension 
but may not form a pellicle if the surface tension is sufficiently de¬ 
pressed by appropriate solutes. 

The nature and concentrations of substances in the surface boundary 
of a liquid medium may modify the rate of gaseous diffusion and evap¬ 
oration. For instance, the oxygen concentration in a medium will 
necessarily depend upon the rate at which the gas is removed because 
of cell metabolism and the rate at which it will diffuse into the medium 
from the air. If the surface film has in it a higher concentration of 
solutes than the bulk of the medium, it may act as a membrane and 
modify the rate of diffusion of the oxygen. It is conceivable that 
such a situation might constitute a limiting factor for growth. The 
effect of surface tension upon the rate of diffusion of gases through the 
surface of liquids has apparently not been studied. 

It cannot be assumed that a material which affects the surface tension 
will affect the interfacial tension (microorganism-medium interface) 
in the same way, although this assumption has been made many 
times. It has been reported, for instance, that certain salts which 
increase surface tension decrease the interfacial tension between a 
hydrocarbon and water. In general, substances which lower the inter¬ 
facial tension between a microorganism and its medium will tend to 
concentrate (be positively adsorbed) at the interface; the opposite 
tendency exists for materials raising the interfacial tension. This 
statement applies, of course, to the metabolic products as well as to 
the original constituents in the medium. Thus the addition to the 
medium of materials which are more strongly adsorbed than the 
metabolic products will tend to replace them and thus nullify their 
action on growth. 

An interesting application of interfacial tension in bacteriology is 
the work by Mudd and his associates (1930). In a series of studies these 
investigators have developed a technique, involving an interfacial 
film, for the study of the passage of bacteria and blood cells through 
various films. Briefly their technique is as follows: Water and oil 
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are brought into contact on a microscope slide; the cells to be studied 
are suspended in the water. It was found that red blood cells pass 
from the water into the oil through the interfacial film. Because of the 
tension exerted by this film, however, the red blood cells are stretched 
into the shape of a lens. Normal acid-fast bacteria readily pass into 
the oil and hence behave like lyophobic colloids because of their fatty 
or waxy coat. After the fatty material is removed from the bacteria, 
they no longer pass from the water into the oil, since their surface is 
presumably protein in nature. 

According to Holmes (1940), surface-tension depressants, such as 
alcohols, soaps, and esters, have little effect on certain serological 
systems. She concluded that the influence of such agents on immuno¬ 
logical reactions can be correlated with their action on the charge of 
the antigen particles, but not with their effect on interfacial tension. 

ADSORPTION 

The phenomenon of adsorption plays a very important role in many 
types of vital and nonvital systems. Adsorption is a surface affair 
and, since it is at or on surfaces that chemical reactions take place, 
adsorption is in many instances the precursor, if not the determiner, 
of these reactions. Because bacteria and other microorganisms offer 
many surfaces, adsorption must be a very important factor in initiating 
surface chemical reactions and controlling other cellular activities. 

Most colloid chemistry books allocate at least one hundred pages to a 
discussion of adsorption by various types of colloid systems. Certain 
of these systems can probably be directly applied to bacteria and their 
environment. Since several books dealing with colloidal phenomena 
are readily available for reference, we will not attempt to present more 
than a brief outline of some of the fundamental principles dealing with 
adsorption and then to cite a few examples pertaining to bacteriology. 

It is not easy to give a clear and precise definition of adsorption. 
It is best to use the word simply to mean the concentration of one 
substance at or on the surface of another. The origin of the word 
is obscure, but it is thought to have arisen from absorption. Adsorp- 
tion is usually distinguished from absorption by the fact that adsorp¬ 
tion has to do wdth purely surface forces, whereas absorption is con¬ 
cerned with capillary forces. Thus, for example, a dye is adsorbed 
to the surface of charcoal, whereas w^ater is absorbed by (in the capil¬ 
laries) a blotter or sponge. This differentiation is weak and arbitrary, 
however, because the ultimate forces in both are thought to be similar. 
A further complication of the distinction given above is the fact that 
the chemist uses adsorption to indicate the taking up of gases by liquids, 
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which involves essentially a going into solution. Still it seems per¬ 
missible to distinguish between the adsorption of a gas by charcoal, 
through condensation of it on the surface where it is held by adhesion 
and, on the other hand, the absorption of water by capillaries where 
it is held in the pores by capillary action or cohesion. The root sorption 
implies the taking on of substance without indicating the mechanism 
involved, although usually it suggests that no new compound has been 
formed. 

Adsorption constants are mathematical measurements of the degree to 
which a substance is taken up by an adsorbent. Thus if meerschaum, 
a hard, porous substance, is placed in a chamber with ammonia gas, 
it will take up a definite amount of gas per gram of adsorbent (meer¬ 
schaum). Van Bemmelen, Freundlich [see vol. I, Alexander (1926)], 
and others have pointed out that the adsorption of substances is not 

1 ^ . 

stoichiometric but follows the empirical formula, a = ac ~ , w'here a is 

the amount adsorbed per gram of the adsorbent; c is the final concen¬ 
tration of the substance in solution or in equilibrium; and a (the ad¬ 
sorption constant) and n are constants. Freundlich applied this 
formula extensively and found that it holds in a great number of sys¬ 
tems within a certain concentration range. When the effect of pressure 
on the amount of substance adsorbed by a solid at constant tempera¬ 
ture is plotted, a curve known as Freundlich's adsorption isotherm is 
obtained. 

Adsorption may be either positive or negative. Positive adsorption 
from solution is the concentration of the solute in the interfacial film, 
whereas negative adsorption is the concentration of the solvent in 
the surface film. Positive adsorption is a much more important 
phenomenon than negative adsorption for the following reason. Sup¬ 
pose there is a certain concentration of a substance in aqueous solution. 
By adding more of the same solute or a second substance, the con¬ 
centration in the boundary layer may be greatly increased but may 
not be considerably decreased because the surface layer can never 
contain less dissolved matter than is present in pure water. The 
nature of the solvent is of very great importance in determining not 
only in many cases whether adsorption will take place, but also the 
extent of the adsorption reaction. As a general rule, adsorption is 
greatest from solvents which have a high surface tension and least 
from solvents which have a low surface tension. For the most part 
the bacteriologist is interested in aqueous solutions which give a rela¬ 
tively high surface tension reading. 

A simple example or two of adsorption may give a better under- 
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standing of the phenomenon and the mechanism involved than do 
terms and definitions. The following experiments work very well 
to demonstrate that adsorption is a surface event. Color dilute soapy 
water with methyl violet or a similar dye, shake vigorously, and then 
pipette off the foam. Repeat the shaking and the collecting of foam 
ten or twelve times and then compare the color of the liquid which 
has settled from the collected foam with that of the original solution. 
It will be seen that the foam solution is much darker in color because 
the dye was concentrated on the surface of the membranes of the soap 
bubbles each time the original solution was shaken. Another similar 
experiment is to shake a dilute solution of albumin and draw off the 
foam. After repeating the process a number of times, the foam portion 
drawn off will be found to be richer in albumin than the remaining 
aqueous solution. Not only do such simple experiments illustrate 
that adsorption is a surface phenomenon, but they also prove the rule 
of J. Willard Gibbs that substances which lower surface tension tend 
to accumulate at the liquid-vapor interface, whereas substances which 
decrease interfacial tension tend to concentrate in a liquidnsolid or a 
liquid-liquid interface. 

At this point the studies of McCalla (1940-1941) on cation and dye 
adsorption by bacteria should be discussed. These important studies 
help to elucidate some of the laws governing the physiological activities 
of bacteria and give us an understanding of the probable mechanism 
by which a bacterial cell adsorbs ions from its environment and con¬ 
centrates them in a limited area around and possibly inside the cell, 
with an electrical force sufficient to limit their freedom of movement. 
For the details of the techniques employed and for many interesting 
data the original papers by McCalla should be consulted. His results 
are briefly summarized on the next few pages. 

Since in general the bacterial cell carries a negative charge and is 
also known to form acids (carbon dioxide and water), the following 
theoretical equations may be written to demonstrate cation adsorption 
by bacteria: 

(Bacterial cell"") + nH+ (Bacterial cell"~)(nH'^) 

(Bacterial \ \ 

cell'‘-)(»H+) + (BacterialceU-) 1 + «HOH 

\inMg(OH) 2 / \inMgW 

From these equations it might be expected that bacteria growing 
in a well-balanced mineral-medium would adsorb Na*^, K"^, Ca“^, 
etc., from the medium. Then, if an excess of hydrogen ions 
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was added to these cells as HCl, it might be expected that the cations 
(Na*^, K"^, Mg"^, etc.) would be replaced by the The 

basic ions released from the adsorption-complex would unite with the 
Cl~ ions to form the respective water-soluble chlorides, which could 
be removed by washing as indicated in the following equation: 



/nNa+ \ 


/nNaCl \ 
nKCl \ 

(Bacterial cell” ) 

iwCa++ 
^etc. ) 

+ nHCl (Bacterial cer-)(nH+) + 

JnMgCl2 
inCaCls 1 
\etc. / 


The H-bacteria complex thus formed should be titratable with 
Ca(OH) 2 , and the amount of Ca(OH )2 used should be a measure of 
the ions adsorbed, or the cation-adsorption capacity of the bac¬ 
terial cells. This may be illustrated by the equation: 

(Bacterial cell”-)(nH+) + inCa(OH )2 (Bacterial cell”-)(JnCa++) + nHOH 

By drying an aliquot of the suspension of bacteria at 105 ®C. and weigh¬ 
ing, values obtained by the above method could be expressed as m.e. 
(milligram equivalents) of cations per 100 g. of bacteria. 

Theoretically it should be possible to substitute other chlorides, such 
as methylene blue chloride (MBCl) and mercuric chloride, for the 
hydrogen chloride, and since the methylene blue ion can be measured 
colorimetrically and the mercury ion functions as a lethal agent, they 
afford two additional tools for testing the adsorption hypothesis. Such 
theoretical reactions are indicated in the following equations: 


(Bacterial cell*»”) 


^nNa"^ \ 

/nNaCl 

nK+ I 

nKCl 

1 + nMB‘’"Cl~® (Bacterial cell"'")(nMB‘’') + 

inMgCl2 

inCa++ 1 

1 inCaCl2 

^etc. / 

\ etc. / 


or 


(Bacterial cell""') 


/nNa-* \ 


/nNaCl \ 

/nK+ 


nKCl \ 

JnMg"^"^ 

+ JnHgClz (Bacterial cell"'“)(inHg'^‘*') + 

inMgCla 

1 inCa++ 1 

Bhould not grow 

inCaCU 1 

\etc. 1 


\etc. / 


and 

(Bacterial ceU"“0(}nHg'*’‘^) -f JnHaS (Bacterial cell”~)(nH‘*') + JnllgS 

ahoidd grow 


On the basis of this hypothetical consideration, McCalla measured 
the adsorption capacity of Escherichia coliy Bacillus s^MiliSy and other 
bacteria by four methods. Several of his experiments may be reviewed 
briefly. 
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The adsorption capacity of E, coli ranged from 35 to 57 m.e. of 
hydrogen ions per 100 g. of bacteria, as is shown in Table 5. Cells 
treated in such a manner are 88 to 100 per cent viable. That this 
adsorption is purely a physico-chemical phenomenon, in no way de- 

TABLE 5 

Hydrogen-Adsorption Capacity op Escherichia coli and Viability op the 
H-Bacteria Complex 


[From McCalla (1940)] 

Adsorption Capacity, H-Bacteria Complex, 


Trials 

m.e./lOO g. bacteria 

per cent viable 

1 

54 

100 

2 

35 

88 

3 

57 

100 

4 

38 

89 

5 

53 

100 


pending upon the existence of living cells, was demonstrated by the 
fact that bacteria killed by heating at 100®C. exhibited, \\ithin the 
limits of error, the same adsorption capacity. McCalla also demon¬ 
strated that methylene blue and magnesium ions, as well as other 
ions, were adsorbed by bacteria. Such ions as Na*^ and K*^ appear 
to be only weakly adsorbed and are not toxic in dilute solutions, whereas 
Ag”^ and Hg'^'^ are strongly adsorbed and are toxic in dilute solutions. 
One other interesting experiment was the adsorption of HgCl 2 by 
E, coli and its replacement by H 2 S. A washed suspension of E. coli 
was treated with a HgCl 2 solution of approximately 0.0004 M con¬ 
centration. After one hour’s contact some of the suspension was 
diluted and then plated out. Less than 1.0 per cent of the cells grew. 
When H 2 S was bubbled through a portion of the same Hg-cell-complex 
suspension, thereby removing the Hg ion from the adsorption sphere 
of the organism, almost complete viability of the organisms was ob¬ 
served. These data are presented in Table 6. 

TABLE 6 

Adsorption of Mercuric Ions by Escherichia coli and Their Replacebient 

[From McCalla (1940)] 

Viable Cells after 60 Minutes, per cent 


Trials 

Hg 

Hg Removed with H 2 S 

1 

1.0 

99 

2 

0.0 

90 

3 

1.0 

97 
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Since antigen and antibody solutions may be regarded as colloidal 
^tems, it is quite probable that adsorption phenomena have a great 
deal to do with the union of these substances. In fact, before 1909 
Bordet suggested that immunological reactions are fundamentally 
physico-chemical in nature and that many of the laws governing ad¬ 
sorption reactions in colloid systems could be directly applied to anti¬ 
gen-antibody unions. Space does not permit a detailed discussion of 
this subject. For further reading the book by Wells (1929), the mono¬ 
graph by Marrack (1938), and the paper by Heidelberger (1939) 
should be consulted. 

The first reaction between an enzyme and its substrate is apparently 
an adsorption of the catalyst by the substrate. This adsorption is 
followed by the chemical action of the enzyme. The initial adsorption 
reaction may be readily demonstrated by the following simple experi¬ 
ment. If pepsin is added to a suspension of fibrin in 0.2 per cent hydro¬ 
chloric acid and the mixture is vigorously shaken and immediately 
filtered, the pepsin will be almost completely removed from solution 
with the fibrin. This fact can be proved by the addition of fresh 
fibrin to the acid filtrate, under which conditions no appreciable diges¬ 
tion of fibrin will occur. If, on the other hand, fresh acid is added to 
the fibrin particles which were removed by filtration, hydrolysis pro¬ 
ceeds, and the substrate will become completely digested. Quastel 
(1930) emphasizes adsorption as an essential feature of enzyme action 
and accounts for specificity on this basis. He studied the oxidation 

reduction reactions of bacteria on 108 organic compounds. Of 
these, 56 were ^^activated’’ so that they acted as hydrogen donators; 
that is, the hydrogen atoms in the molecule were transferable to a 
suitable ^'acceptor,” such as oxygen or methylene blue. Strict speci¬ 
ficity of enzyme action would require 56 dehydrogenases. Quastel 
foimd, however, that the 56 compounds could be grouped into classes, 
for example, a formic acid class, a lactic acid class, and a succinic 
acid class. The rate of oxidation reduction of any compound in a 
given class was altered (lessened) by the presence in the system of 
any other compound of the same class grouping but was unchanged 
in the presence of a compound belonging to another class. Quastel 
assumes adsorption at “active centers^' on the bacterial membrane 
surface, these centers being specific for certain molecular groupings. 
Thus the “lactic acid center^' adsorbs the grouping, —CO-COH* or 
—CHOH-COH*, where H* is mobile. Glycollic, oxalic, hydroxy- 
malonic, glyceric, a-hydroxybutyric, and pyruvic acids are all “ad- 
sorbed^' and activated at the lactic acid center, and in a mixture of 
two or more of these compounds there is competition for the area 
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available for adsorption. The “succinic acid center^' is apparently 
specific for the grouping, —C • CH 2 • COOH or —C • CH • COOH, and in 
addition to succinic acid is the locus for adsorption of such acids as 
malonic, glutaric, and phenylpropionic acid. All these compete with 
one another for adsorption and for “activation,'' but none interferes 
noticeably with the lactic acid group of compounds. The “formic acid 
center" appears to be specific for formic acid, since not even acetic 
acid interferes with reactions occurring at this center. An interesting 
demonstration of the specificity of adsorption as determined by chemi¬ 
cal configuration is afforded by the fact that malonic acid is adsorbed 
and activated at the succinic acid center and hydroxymalonic acid at 
the lactic acid center, but ethyl malonic acid is not adsorbed at any 
of the centers. 


ELECTROPHYSIOLOGY 

One of the most active fields of research in biology in recent years has 
had for its object the determination of the nature and magnitude of 
electrical phenomena exhibited by cells and their environment. Many 
of the studies have dealt with the migration of cells when they are 
freely suspended in a fluid through which an electric current is flowing 
(electrophoresis), although several other types of studies have also 
been undertaken with animal and plant cells and tissues. 

Electrical phenomena in living systems are of two more or less dis¬ 
tinct kinds. One includes electromotive forces which give rise to elec¬ 
tric currents in nerve tissues, to oxidation-reduction potentials; to 
injurious potentials, and the like. The other involves what Freundlich 
[see Abramson (1934)] has grouped under the term electrokinetic 
phenomena and includes electrophoresis, electro-osmosis, agglutina¬ 
tion, and related processes. Relatively little is known of the exact 
part played by electric forces in vital systems, but it has been possible 
to determine their presence there, to measure some of them, and to 
correlate them with certain physiological processes. In such phenom¬ 
ena probably lies an explanation of many fundamental biological re¬ 
actions. 

The brief discussion on the next few pages should be considered only 
an introduction to the subject of electrophysiology, since it is impos¬ 
sible within the space at our disposal to cover the theoretical back¬ 
ground and all the techniques involved in the various methods used 
for measuring such processes. For such details the student is referred 
to articles and several excellent monographs under the individual 
subject headings. 
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ELECTROLYTIC CONDUCTION 

The flow of an electric current through a solution is spoken of as 
electrolytic (or ionic) conduction to distinguish it from metallic (or 
electronic) conduction in a wire. 

The measurement of electrolytic conduction can be made quite easily 
and with considerable accuracy by placing the solution to be tested in a 
specially constructed conductivity vessel and measuring its resistance 
with a Wheatstone bridge apparatus (Fig. 5). Usually the values are 
expressed in terms of specific electrical conductivity (C), conductivity 
being the reciprocal of resistance (/?); that is, C = 1/i?. Resistance 
is measured in ohms, while conductivity is expressed in mhos. In 
determining the resistance of an electrolyte solution an alternating 
current must be employed because a direct current produces electrolysis 
and after a few minutes a variation in results will be obtained. When 
alternating current is used, the galvanometer usually employed in a 
Wheatstone bridge set-up is replaced by a telephone receiver, and 
minimum buzzing in the receiver indicates the point on the slide wire 
where the resistance of the bridge is equal to that of the solution. In 
other words, when the detector {T or G) indicates that no current is 
passing between C and S, the following relation holds: V : SB = 
R:AS. 



The specific conductivity of a solution is the conductivity of a cube 
(1.0 cm. on an edge) of the solution between two platinized electrodes 
each having an area of 1.0 sq. cm. and placed exactly 1.0 cm. apart. 
The construction of a conductivity vessel having these specifications 
is extremely difficult and is seldom attempted. Usually to get around 
this difficulty the vessel constant of an electrode vessel is determined 
by measuring in it the conductivity of an electrolyte solution which 
has already been determined. From such information the vessel 
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constant is calculated, using the equation: 

BS 

— Rk == Vessel constant 
AS 

where AS = length of slide wire between A and S (Fig. 5). 

BS = length of slide wire between B and S, 

R = resistance in ohms, as measured by the resistance box (/2). 
k = specific electrical conductivity of the known solution. 


Solutions of potassium and sodium chloride are commonly used as a 
standard for measuring vessel constants. Several specific conductible 
(k) values for potassium chloride at various temperatures are: 


k Values of KCl Solutions 


Temperature N 

0°C. 0.06517 

18‘^C. 0.09783 

25°C. 0.11134 


0.1 N 0.01 N 
0.00713 0.00077 
0.01116 0.00122 
0.01285 0.00140 


When biological systems are studied, it is not correct to translate a 
specific electrical conductivity value into a concentration figure, be¬ 
cause conductivity is dependent upon the nature of both the solute 
and the solvent. 

Electrical conductivity has been used extensively to determine the 
salt concentration of solutions (water culture) in which plants are ex¬ 
perimentally grown, of sea water, and of the fluids of plants and animals 
and to measure changes in cell permeability. Bacteria and other 
microorganisms cut down the conductance of the solution in which they 
are suspended, and one attempt has been made to use this fact to follow 
bacterial growth [sec Koser and Saunders (1938)]. The electrical con¬ 
ductivity of protoplasm free from interference by cell walls, vacuoles, 
and the like has been studied by Brooks (1925), using the plasmodium 
of the slime-mold, Brefeldia maxima. The protoplasm had a resistance 
of 19,000 ohms, which corresponds to a conductivity of approximately 
0.00005 mho. This is about equal to that of 0.00145 N NaCl. The 
conductivity of saliva is about 50 X 10~^ mho, horse blood has been 
found to give a value of 0.01216 (or 12 X 10~^) mho, and the extracted 
juice from plants, such as the onion, gives a somewhat higher value. 
For a review on the electric conductance of biological systems the 
paper by Cole (1933) should be consulted. 


GENERAL CONSIDERATION OF ELECTRICAL POTENTIALS 

Several types of electrical potentials are known. Certain of these, 
such as the ones studied by the physicist, are quite simple, well under- 
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stood, and definite in character. On the other hand, the potentials 
studied in biological systems are not so simple, since they are usually 
due to a combination of electrical forces. The following potentials 
are of interest to the bacteriologist. 

1. Electrode Potential (metal/solution). When certain metal 
electrodes are immersed in a solution, the metal goes very slightly 
into solution, gives off ions, and creates a charge on the electrode. An 
example of this type is the copper and zinc electrodes of a simple gal¬ 
vanic cell. Between these electrodes there exists a potential difference 
which is called the electromotive force (e.m.f.) of the cell. In such a 
cell the cations move in one direction and carry with them a definite 
quantity of positive electricity, whereas the anions migrate in the 
opposite direction and carry negative electricity. Although electrode 
potentials do not normally enter into biological systems, they often 
cause considerable trouble due to polarization occurring when measure¬ 
ments of other potentials are being made by employing metal elec¬ 
trodes. 

2* Concentration Potential (solution/solution). In the gal¬ 
vanic cell which has just been mentioned, the electrodes consist of two 
different metals in a common solution. Now suppose that two elec¬ 
trodes of the same metal are immersed in separate solutions of the 
same salt but of different concentrations. Because of the difference in 
concentration of the two solutions a flow of current will take place if 
the two electrodes are joined by a conductor. Such a potential is 
known as a concentration potential. 

3. Diffusion Potential (liquid/liquid; miscible). When two 
miscible liquids come in contact, a diffusion potential is often produced 
at the surface of the contact, because of the unequal diffusion of ions 
across the boundary from one liquid to another. Such potentials are 
usually very weak and of short duration. 

4. Liquid Junction Potential (liquid/liquid; immiscible). 
When two immiscible solutions come in contact, a permanent interface 
is formed, and a liquid junction potential is set up. The potential results 
because of different degrees of solubility of ions in the two phases and 
is not due to the rate of diffusion. For example, water and amyl 
alcohol are quite immiscible, and and Cl"" ions are not equally 
soluble in both of them. Thus, if the two immiscible liquids are shaken 
with hydrochloric acid and then allowed to stand, they separate and 
form a sharp boundary where a potential is set up, because of the 
unequal solubility of the and Cl"” ions. 

5. Injury Potential (normal tissue/injured tissue). It is well 
known that the surfaces of injured muscle, and of animal tissues in 
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general, are electronegative to the relatively uninjured surface; that is, 
electrons, or negatively charged particles of any sort, tend to flow from 
the relatively normal to the injured zone. Although a measurable 
potential is set up between normal and injured tissues, the actual 
physical basis for such a potential is unknown. For further discussion 
on this subject the review by Abramson (1933) should be consulted. 

6. Membrane Potential (soiution/membrane/solution). Cer¬ 
tain membranes, such as the protoplasmic membrane of cells, parch¬ 
ment, and collodion, have the property of permitting only certain 
ions to pass through or of allowing different ions to penetrate more 
rapidly than others. Membranes such as these are spoken of as being 



Fig. 6. Connections for Measuring a Membrane Potential. (From Protoplasm 
by Seifriz, courtesy of McGraw-Hill Book Company, New York, 1936.) 

semipermeable, selective, or differential in character. Many nonliving 
and all living membranes are semipermeable. 

When a selectively permeable membrane separates two electrolyte 
solutions (see Fig. 6) of different concentration, an unequal distribution 
of ions soon occurs on the two sides of the membrane, and a so-called 
membrane potential results. In certain cases the potential can be 
measured with the aid of electrodes and a potentiometer. Potential 
values of 40 to 50 mv. (0.040 to 0.050 volts) have been reported for 
collodion membranes, apple skins, and other membranes [Seifriz 
(1936)]. 

Figure 6 shows two calomel electrodes. In this case they are not 
used for reference electrodes, as in pH measurements, but are merely 
employed to connect the electrolytic conductors with metallic con¬ 
ductors. Before inserting a membrane and performing an experiment, 
however, the investigator must always check the calomel electrodes 
against each other to be sure that there is not a flow of current between 
them. If there is no current flowing, then any potential recorded in 
the system after the membrane and different solutions have been in¬ 
serted must be due to the electrical stresses across the membrane. 



46 


physico-chp:mical properties of bacteria 


Membrane potentials are usually classified into two groups: ( 1 ) 
those resulting from ionic (a Donnan) equilibrium, and (2) those 
formed as a result of the unequal diffusion of ions through the mem¬ 
brane. The first type may be permanent, but the second undergoes 
constant change in order to maintain itself and is, therefore, a likely 
condition of living systems. Undoubtedly membrane potentials play 
a very important role in many vital phenomena. However, the 
measurement of such a potential on the protoplasmic membrane of 
a cell as small as a bacterium would be impossible. 

7. Oxidation-Reduction Potential (oxidizing system/reducing 
system). Since the introduction of accurate methods of measuring 
the oxidizing and reducing powers of various substances by Clark and 
coworkers in 1923, many applications of their techniques have been 
made in the field of cellular physiology and other branches of science. 
It will be impossible in this brief discussion even to begin a review of 
the recent literature or to give complete details or the derivation of 
the equations upon which the subject of oxidation-reduction potentials 
is based. This phase of the subject is given in detail in the bulletin 
by Clark and his associates (1928) and in the monograph by Hewitt 
(1936). The student should acquaint himself with these two reports, 
which are indispensable to the library of anyone working in this field. 
Recent information on biological oxidations and reductions is reviewed 
by Dixon (1939), Barron (1941), and Lardy and Elvehjem (1945). 

In the next few pages we will express a few fundamental concepts, 
accept without question the derivation of certain equations, and then 
give a few examples of how this subject has been applied to the science 
of bacteriology. 

When the term oxidation is mentioned, it immediately suggests the 
addition of oxygen to some oxidizable substance. The combustion of 
methane to form carbon dioxide and water, the oxidation of acetalde¬ 
hyde to acetic acid, the transformation of ferrous to ferric oxide, and 
the oxidation of glucose to water and carbon dioxide are all simple 
examples. 

CH4 + 2O2 CO2 + 2H2O 
CH3CHO + IO2 CH3COOH 
2FeO + 2^2 —^ Fe 203 
C 6 H 12 O 6 “t" 6 O 2 —> 6 H 2 O 4“ 6 CO 2 

It should be kept in mind, however, that an important distinction 
exists between the oxidation of ferrous iron and the oxidation of sugar 
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in metabolism; the former is reversible but the latter is not. By a 
perfectly reversible chemical reaction is meant one that requires the 
application of the same amount of energy to reverse it as is yielded by 
the original reaction. Oxidation-reduction systems may be completely 
reversible, partially reversible, or irreversible, with the fact kept in 
mind that a system may be completely reversible under one set of 
conditions but partially reversible or irreversible under another. 

The term oxidation, as now generally used, is not restricted to the 
simple combustion of oxygen with some substance but includes also 
certain other reactions. For example, the conversion of hydroquinone 
to quinone can be classified as an oxidation even though the oxidant 
and reductant contain the same amount of oxygen. 


V- 

O 

Thus we can now expand our definition of oxidation to cover the 
removal of hydrogen from a substance. Even this expansion, however, 
is not sufficient to cover all cases, since the transformation of ferrous 
chloride to ferric chloride must be regarded as an oxidation, although 
neither oxygen nor hydrogen is involved in the reaction: 

FeCls + Cl -> FeCla 

The examples just mentioned, like other chemical reactions, involve 
the transfer of electrons from one atom to another, and to gain a general 
view of oxidation-reduction processes we must now briefly consider 
the electronic concept of atomic constitution. For the moment let us 
consider the ionization of ferrous chloride and ferric chloride in solution. 
The two salts ionize as indicated by the downward arrows shown below; 
the effect of chlorine is indicated by the horizontal arrow. The symbol 
(+) signifies the possession of a single positive charge of electricity, 
and (—) a unit negative charge, or an electron: 

FeCb FeCls 

i i 

Fe++ + 2Cl--±.?> Fe+++ + 3C1- 


OH 

/\ 


V/ 

on 
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If we confine ourselves to the principal reactants, the equation may be 
written; 

.Fe++ + Cl Fe+-^ + Cl¬ 
in this equation it will be seen that there is an exchange of one electron 
between ferrous iron and chlorine; the ferrous iron loses an electron 
which is taken up by chlorine. Furthermore, if we confine our atten¬ 
tion to the two states of iron, the transformation may be written: 

Oxidation 

Fe++ . ^ Fe+++ + e, 

Reduction 

where e represents an electron. 

When a reaction of this nature proceeds from left to right, an oxida¬ 
tion is said to be taking place, and conversely, when the reaction goes 
from right to left, a reduction is said to be taking place. Oxidation 
and reduction reactions are, therefore, essentially electrical in nature, 
and we can make the following statement: Oxidation is a process in¬ 
volving the loss of electronsj and reduction is a process involving the gain of 
electrons. 

Oxidation cannot take place unless there is a corresponding reductant 
to take up the electrons liberated, and likewise a substance cannot be 
reduced unless there is a corresponding oxidation to liberate the neces¬ 
sary electrons. Thus, in the preceding ferrous-ferric chloride oxida¬ 
tion-reduction system, the ferrous ion gives up an electron and becomes 
oxidized to the ferric ion: 

■r.. Oxidation _ i i i 

Fe++- > Fe'^-^+ + e 

However, at the same time the chlorine atom takes up the electron 
and in so doing becomes reduced to a chloride ion: 

. Reduction 

Cl + 6 -> cr 

According to our definition, a metal in the presence of its ions is an 
oxidation-reduction system: 

Oxidation 

Ag i - ^ Ag+ + e 

Reduction 

and considerable use is made of this fact in preparing ^‘standard^’ half¬ 
cells. Also, hydrogen gas and hydrogen ions form an oxidation-reduc¬ 
tion system (hydrogen electrode). 

Oxidation 

- -» 2H+ + 2e 

(gas) Reduction (ion) 



GENERAL CONSIDERATION OF ELECTRICAL POTENTIALS 49 


From this brief discussion it becomes apparent that oxidizing agents 
are substances capable of taking up electrons and reducing agents 
are those capable of parting with electrons. The oxidation-reduction 
potential is a measure of the tendency for a substance to give up or 
take up electrons. In other words, it is a quantitative measure 
of the free energy of the reaction which is involved in the electronic 
transfer. 


It is now possible to measure the potential of an oxidation-reduction 
system with considerable accuracy. If an inert metal such as platinum 
is immersed in an “unknown^^ reversible oxidation-reduction system 
and this electrode is connected to a potentiometer set-up, together 
with a “reference half-ceir' (calomel or quinhydrone), a potential 
difference will be observed. Although the hydrogen electrode is used 
as the theoretical reference half-cell for all oxidation-reduction poten¬ 
tial studies, it is never used for practical measurements. Instead 
some half-cell such as the calomel half-cell, whose potential has been 
compared or standardized against the hydrogen half-cell, is employed. 
It has been demonstrated theoretically and experimentally that the 
potential value which results when electrodes are immersed in a solution 


depends largely on the ratio: 


Oxidized form 
Reduced form 


When the oxidized com¬ 


ponent is predominant in the solution, the potential is higher (more 
positive) than when the reduced form prevails. 

When the hydrogen half-cell is used as a reference cell to complete 
the system in measuring the oxidation-reduction potential of any 
solution, the potential (E) of the solution is expressed in volts with 
reference to the normal hydrogen electrode (H), which is taken as zero, 
and is called Eh (the subletter of wliich refers to the system of standard¬ 
ization, namely, the hydrogen electrode). 


Eh — reference -^measured 


It has been demonstrated that the Eh of any oxidation-reduction sys¬ 
tem is directly affected by the hydrogen-ion concentration, the tem¬ 


perature, and the gas constant, as well as by the ratio: 


Oxidant 
Reductant ’ 


The relationship of these factors has been computed on a thermody¬ 
namical basis, verified experimentally, and expressed in the general 
electrode equation: 



(OxQ 

(Red.) 
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where Eh ^ & difference in volts between the oxidation-reduction elec¬ 
trode and a normal hydrogen electrode (or an electrode 
which has been compared to a hydrogen half-cell). 

Eq = a constant characteristic of the system in question when 
the pH is zero; when the oxidant and reductant are equal, 

then = 1.0, since In 1 = 0, and then Eh = Eq. 

(Red.) 

R = gas constant (8.315 volt coulombs). 

T = degrees temperature above absolute zero (—273®C.). 
n = number of electrons transferred in the reaction formula. 
F = the faraday (96,500 coulombs). 

In = symbol for Naperian logarithms or logarithms to the 
base e. 

In X = 2.302 log X. 


(Ox.) 

and 

(Red.) 


concentrations of oxidant and reductant, respectively. 


To simplify this equation let us use common logarithms and consider 
a system at 30®C., at constant pH (zero), and involving one electron 
transfer. Then the above equation may be written: 


Eh = Eq “j“ 0.06 log 
RT 


(Ox.) 

(Red.) 


since at 30®C. = 2.302 — = 0.0601. 

F 

For a reduction involving two electrons at 30°C., the equation becomes: 

(Ox.) 


Eh = Eq -f- 0.03 log 


(Red.) 


These equations show that the potential, Ehy is dependent upon Eqj 
a constant for the system in question, the proportion of oxidized and 
reduced forms of the substance studied, and the other factors just 
mentioned. With an increase in the proportion of oxidized substance 
the potential will be higher, and with a reduction of the substance 
the potential will be lower or more negative. Eq in the above equations 
has considerable significance. It has been stated that when (Ox.) = 
(Red.), that is, when the system is 50 per cent oxidized. Eh = Eq, 
In other words, Eq is the value of the electrode potential of the 50 per 
cent oxidized (or reduced) system at pH zero. Since many biological 
systems cannot be studied at pH zero, the application of Eq becomes 
somewhat limited. For this reason another term, £/'o, is often used. 
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The -E'o of a system at a certain definite pH is the potential value of the 
half-reduced system at this pH. When B'o is given, the pH must also 
be stated; otherwise, the term has no meaning. 

When the Eq of a system is known, it is possible to calculate the 
electrode potential at any degree of oxidation or reduction of the sys¬ 
tem; and, vice versa, the degree of oxidation can be calculated from 
the value of the electrode potential. Furthermore, JFo is a measure 
of the oxidation or reduction intensity level of the system and permits 
oxidizing and reducing agents to be graded on the basis of their oxidiz¬ 
ing or reducing effects. For example, a system of Fq ~ +0.1 volt will 
oxidize a system of Eq = —0.1 volt or one of —0.06 volt but, on the 
other hand, will itself be oxidized by a system of Eo = +0.3 volt. 
Usually, however, the sign and magnitude of the oxidation-reduction 
potential tells us nothing concerning the relative speeds of oxidation 
and reduction. Nevertheless the measurement of various oxidation- 
reduction potentials allows one to study the oxidation-reduction con¬ 
ditions of a system and to grade them in order of their oxidizing or 
reducing tendencies. 

It should be emphasized that the oxidation-reduction potential is 
an intensity factor and not a capacity factor. In this way Eh resembles 
temperature and pH. Since temperature and pH give us no information 
as to heat capacity and buffering power, respectively, so also is Eh 
independent of ^^poising effect,’^ the capacity term in oxidation-reduc¬ 
tion systems. This is evident from the derivation of Eh, which depends 
upon the ratio of oxidized and reduced forms of the substance being 
studied and not on their absolute quantities. Thus an 80 per cent 
oxidized system will have the same electrode potential whether the 
total concentration is 10 per cent or 0.1 per cent, but the poising effect 
of the 10 per cent concentration will be 100 times greater than that 
of the 0.1 per cent concentration. These points are quite important 
to remember when biological systems, many of which have definite 
electrode potentials but are not well poised, are dealt with. 

The hydrogen-ion concentration must be taken into consideration 
when dealing with oxidation-reduction systems because frequently the 
reduced form is an anion which can accept hydrogen ions and thus be¬ 
come inoperative in contributing to the potential. Therefore, if the 
hydrogen-ion concentration of a system, such as quinhydrone, is 
allowed to vary, the potential will be greatly influenced. In most 
bacterial cultime systems buffers are added to maintain a stable pH. 

To summarize this theoretical discussion w^e may say that the oxida¬ 
tion-reduction potential of a system depends principally on three 
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factors: (1) the innate tendency of the system to take up or give off 
electrons, (2) the ratio of the oxidant to the reductant, and (3) the 
hydrogen-ion concentration. 

Measurement of Oxidation-Reduction Potentials. Two meth¬ 
ods are in general use for the measurement of oxidation-reduction 
potentials: (1) the dye indicator method, and (2) the direct electro¬ 
metric determination of the potential. For various reasons the elec¬ 
trometric method is the most reliable. These two methods will be 
briefly discussed. 

1. Dye Indicator Method. Clark, Cohen, and their associates 
(1928,1933) have studied a number of dyes which behave as oxidation- 
reduction systems. Such dyes show full color when in their highest 
state of oxidation and are colorless when completely reduced. Between 
these extremes various degrees of color are exhibited. Most of the 
dyes employed in oxidation-reduction potential studies cover a range 
of approximately 0.1 volt between the colored and the colorless form. 
Thus by using a series of dyes that change color at different ranges of 
Eh it is possible to make approximate Eh measurements in a manner 
comparable to pH determinations. 

The use of dyes for measuring Eh is based on the following: Let Do 
represent the oxidized form and Dr the reduced form of a reversible 
oxidation-reduction dye system where the exchange of two electrons 
is involved: 

Oxidation 

Dr <■ _ ^ Do + 2 electrons 

Reduction 

If the temperature (30®C.) and the pH (7.0) are kept constant and 
the general electrode equation is applied, then 

(.Do) 

= E'o + Omiog^ 

\Dr) 

Now suppose that the potential of a given dye when 50 per cent re¬ 
duced or oxidized (Do — Dr) is -4-0.1 volt, then E'o = -f 0.1 volt, and 

(Do) 

Eh= +0.1 +Om log ^ 

(Dr) 

By using this equation it is possible to calculate the potential at differ¬ 
ent stages of oxidation or reduction of the dye (D). For example, when 
95 per cent oxidized (5 per cent reduced), the potential in volts will be: 

Ea = +0.1 + 0.03 log y- = +0.138 volt 



GENERAL CONSIDERATION OF ELECTRICAL POTENTIALS 53 


In a similar manner the following Eh values may be calculated: 


Percentage 

Eh in Volts 


Oxidation 

2 

Redimtion 

98 

+0.061 

Approximately colorless 

5 

95 

•f 0.062 


10 

90 

+0.071 


26 

76 

+0.086 


60 

60 

+0.100 (^'o) 

60 per cent colored 

76 

26 

+0.114 


90 

10 

+0.129 


95 

6 

+0.138 


98 

2 

+0.151 

Approximately full color 


It can also be seen from this list that the oxidation-reduction state 
of the dye system can be read off by determining the potential. For 
example, if the Eh is +0.062 volt, the system is 95 per cent in the 
reduced form and 5 per cent in the oxidized form. The E'o values for 
several oxidation-reduction indicator dyes are given in Table 7. For 
more complete details about the effect of pH, etc., on these indicators 

TABLE 7 

Oxidation-Reduction Indicator Dyes (The E'o Values—Potentials of 
60 Per Cent Reduced Dyes—Are at pH 7.0) 

[From Hewitt (1936)] 


Dye 

E'o, 

volts 

Dye 

E'o. 

volts 

Oxygen electrode (1 atm. pres- 

m-Toluylenediamine indo¬ 


sure) 

+0.81 

phenol 

+0.125 

Phenol-m-sulfonate-indo-2:6- 


Toluylene blue 

+0.116 

dibromophenol 

+0.273 

Thioninc (Lauth’s violet) 

+0.063 

m-Chlorophenol-indo-2:6-di- 


Cresyl blue 

+0.047 

chlorophenol 

+0.254 

Gallocyanine 

+0.021 

m-Bromophenol indophenol 

+0.248 

Methylene blue 

+0.011 

Phenol-o-sulfonate-indo-2:6- 


Ciba scarlet sulfonate 

-0.036 

dibromophenol 

+0.242 

Indigo tetrasulfonate 

-0.046 

o-Chlorophenol indophenol 

+0,233 

Methyl capri blue 

-0,060 

o-Bromophenol indophenol 

+0.230 

Indigo trisulfonate 

-0.081 

Phenol indophenol 

+0.227 

Indigo disulfonate 

-0.126 

Phenol blue 

+0.224 

Brilliant alizarine blue 

-0.173 

2:6-Dibromophenol indo¬ 


Phenosafranine 

-0.252 

phenol 

+0.218 

Safranine-T 

-0.289 

m-Cresol indophenol 

+0.208 

Neutral red 

-0,326 

o-Cresol indophenol 

+0.191 

Viologens 

-0.400 

Thymol indophenol 

+0.174 

Hydrogen electrode (1 atm. 



pressure) 

-0.421 
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the student should consult the bulletin by Clark and associates (1928) 
or the monograph by Hewitt (1936). The choice of one of these dyes 
for practical use depends on several important factors. For instance, 
the indicator must not act as a hydrogen-ion indicator at the pH of 
the system under investigation; the normal oxidation-reduction poten¬ 
tial of the indicator must be close to that of the system under study; 
the indicator should have an intense and distinctive color and should 
come to equilibrium in a short time; the indicator should not be toxic 
or enter into the reactions of the system under investigation. 

The indicator method has proved useful in the study of living cells 
and tissues, since it has not as yet been possible to devise an electrode 
for intracellular measurements. Where attempts at electrode measure¬ 
ment have been made, the cell after a very short time apparently 
forms a vacuole around the electrode, and as a result the measured 
potential is not that of the cell proper. In determining the reducing 
intensity of cells with indicators two techniques are used: the dye is 
injected into the cell by microinjection methods, or the dye is allowed 
to diffuse into the cell. In either case the indicator dyes are taken in 
sequence and their reactions observed in the cell. 

A number of living cells normally contain oxidation-reduction 
potential indicators, and important respiratory functions have been 
attributed to some of these pigments. The cytochrome components, 
flavins, and pyocyanine are just a few examples. 

2. Direct Electrometric Method. Since the use of various in¬ 
dicator dyes in oxidation-reduction potential studies is limited, the 
electrometric method should be used whenever possible. 

Although a number of factors must be carefully controlled when 
making direct potentiometric determinations of Eh, the measuring 
apparatus is relatively simple. To measure the potential of an ‘‘un¬ 
known^' half-cell [unattackable electrode/oxidation-reduction system 
(x)] it must be coupled to another half-cell (standard) by an agar- 
saturated salt bridge (S.B.), which permits electrical contact without 
introducing errors due to liquid/liquid potentials or other factors. 
The two half-cells are then connected to a potentiometer set-up. Ac¬ 
cording to definition, the Eh is the potential referred to the normal 
hydrogen electrode, which is taken as zero. However, since the normal 
hydrogen electrode is not a practical possibility, any convenient stand¬ 
ard half-cell may be employed, providing its potential with reference 
to the hydrogen electrode is known. The two standard half-cells 
frequently used are the calomel electrode and the quinhydrone elec¬ 
trode. By means of the potentiometer (P) the electromotive force 
(El) is varied until the galvanometer (Cf) shows no deflection. At this 
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point the electromotive force (J5?i) of the potentiometer just balances 
the electromotive force of the complete cell, Eh — -^standard (the neg¬ 
ative sign is given because the two half-cells are in opposition). There¬ 
fore, when the potentiometer is balanced: 

El = Eh J^^standard) Eh ^ Ei + ^standard 

The theoretical circuit employed is represented diagranunatically in 
Fig. 7. 

For complete details on methods and standard techniques for use 
with bacteria and other microorganisms the monograph by Hewitt 
(1936) and the papers by McAlister 
(1938), Ward (1938), Gillespie and 
Rettger (1938), Klobusitzky (1940), 

Johnstone (1940), Kanel (1941), and 
Wynd and Varney (1941) should be 
consulted. Wynd and Varney have 
developed a very convenient vessel for 
measuring the Eh of bacterial cultures. 

Biological Oxidation-Reduction 
Systems. It is now a well-established 
fact that oxidation-reduction systems 
play an important role in the respiratory 
and metabolic proces»ses of the living 
organism. In fact, Hewitt (1936) has 
stated, ^^[Such] systems play so intimate 
and so essential a part in living organ¬ 
isms that life itself might be defined 
as a continuous oxidation-reduction re¬ 
action.'' 

Several biological oxidation-reduction 
systems have been studied, and some 
of them are quite well characterized, 
taining sulfhydryl groups, hemoglobin, the cytochromes, certain 
respiratory pigments, ascorbic acid, various sugar systems, succi- 
nate-fumarate, and adrenaline, as well as cell and tissue suspensions 
(Table 8). A classification of known reversible oxidation-reduction 
systems found in the living cell has been presented by Barron (1941). 
Many direct electrometric oxidation-reduction potential studies have 
been made on bacteria, yeasts, and other microorganisms, though 
obviously not of the interior of the cells themselves but rather of the 
surrounding medium. It is necessary, therefore, to distinguish be¬ 
tween potentials obtained within cells or with cellular components 



Fig. 7. Theoretical Circuit for 
the Measurement of Eh. G — 
galvanometer; Ei = e.m.f. on 
potentiometer where the un¬ 
known half-cell (x) and the 
standard half-cell (s^.) are equal; 
S.B, = salt bridge. (From 
Hewitt, 1936.) 

They include systems con- 
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TABLE 8 

AfPROXIMAT]& OxroATION-REDUCTION POTENTIALS ♦ OP CERTAIN BIOLOGICAL 

Systems 

[From Allyn and Baldwin (1932), Hewitt (1936), McAlister (1938), Gillespie et al 
(1938), Axelrod and Johnson (1939), Burrows (1941), and others] 


System 

Eht volts 

System 

Eht volts 

Oxygen electrode (1 atm. 


Brucella species cultures 

+0.09 to +0.15 

pressure) 

+0.81 

Rhizobiutn cultures (range 

Cultures containing perox¬ 


of 4 spedes) 

+0.10 to -0.20 

ide 

+0.42 

Alcohol-acetaldehyde (pH 


Adrenaline 

+0.38 

7.4) 

-0.09 

Aerobic culture broth 

+0.80 

Succinate-maleate 

-0.094 

Cytochrome a (pH 7.4, 


Hemin 

-0.114 

20®C.) 

+0.29 

Oral laotobaciUi cultures 

-0.130 

Cytochrome c (pH 7.4, 



=b0.02 

20®C.) 

+0.262 

Pneumococcus cultures 

-0.15 

Saecharomycet cerevMiae cul¬ 


Phthiocol 

-0.18 

tures 

+0.22 

Lactate-pyruvate 

-0.186 

Ascorbic acid (vitamin C) 


Corynebacterium diphtheriae 

(pH 4.6) 

+0.14 

cultures 

-0.20 

AapergiUtu nioer culture 

+0.20 

Bacillus polymyxa cultures 

-0.20 

Chlororaphin (pH 3.09) 

+0.119 

Riboflavin 

-0.208 

Phenidn 

+0.05 

Glutathione (pH 7.15) 

-0.233 

SalmoneUa cultures (range 


Lactobacillus acidophilus 


for 31 species) *f0.035 to —0.160 

cultures 

-0.24 

Hallochrome 

+0.022 


db0.02 

Juglone (pH 7.31) 

+0.023 

Ameba in N 2 

-0.25 

Suodnate-fumarate 

+0.01 

Bacillus macerans cultures 

-0.27 

PenicUlium granulatum cul¬ 


Coenzyme I (pH 7.4, 20®C.) -0.325 

tures 

-0.024 

Escherichia coli cultures 

-0.40 

Hermidine 

-0.03 

Clostridium botulinum cul-1 


Cytochrome b (pH 7.4, 


tures 1 

1 -0.3 to-0.41 

20®C.) 

-0.04 

Clostridium tetani cultures j 


Pyocyanine 

-0.04 

Hyi>oxanthine-urio acid 


Toxoflavin 

-0.05 

(pH 7.2) 

-0.41 

Yellow enzyme 

-0.059 

Hydrogen electrode (1 atm. 

Ameba in air 

-0.07 

pressure, pH 7.0) 

-0.42 


* For pigments, the potential of the half-reduced system, £'o, at pH 7.0 is given; determinations at 
other pH values are so listed. The values for mold, yeast, and bacterial cultures are minimum 
values. 


and those obtained in cell suspensions. In cell suspensions the changes 
of potentials are probably due lai^ely to cellular products. In Table 8 
are listed the approximate oxidation-reduction potentials of several 
biological systems. 

It should be emphasized that the derivation of the oxidation-reduc¬ 
tion equations rests on the assumption that the system is in equilibrium. 
It is questionable that any living cell can be said to be in a state of 
true eqxiilibrium; the best that can be achieved is a steady state. For 
this reason, as well as others, time : potential (Eh) curves are usually 
plotted in studies of bacterial cultures. In general, the curves follow 
those plotted for a hypothetical aerobe and anaerobe in Fig. 8, adopted 
from Hewitt (1936). A significant result of oxidation-reduction po- 
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tential measurements on both cells and cell suspensions is that more 
negative potentials are found under anaerobic, as contrasted with 
aerobic, conditions. Bacterial cultures 
develop reducing conditions, not so 
much because of the liberation of reduc¬ 
ing substances by the cells as on account 
of the exertion of reducing activities. 

Probably the most promising field 
for further investigation in oxidation- 
reduction potentials is the isolation 
and study of oxidation-reduction sys¬ 
tems occurring in cells and tissues. 

When various culture media and intact 
cells are dealt with, the situation is too 
complicated to analyze with any degree 
of clarity. About all that can be said 
of the work done on oxidation-reduction 
potentials in living systems (bacterial 
cultures) is that the potential value obtained is at least an indication 
or measure of relative physiological activity. Burrows (1941) has 
also observed a rather close association between the oxidation-reduc¬ 
tion potentials of certain Salmonella species and the immunological 
character (type of agglutination) of the bacterial species. 

ELECTROKINETIC PHENOMENA 

Colloidal particles and most cells, including bacteria, when freely 
suspended in an aqueous medium, will migrate toward the anode or 
the cathode if they are subjected to the influence of an electric field. 
Therefore they must possess an electric charge. The electric charge 
on the surface of nonliving colloidal particles and on living cells is an 
important property of colloidal systems; the nature of this charge has 
been the subject of a great many studies in colloidal chemistry and 
biology. Usually four electrical phenomena are grouped under the 
term electrokinetics. They are briefly summarized in Table 9. The 
apparatus employed and the important factors which must be care¬ 
fully controlled in studying these phenomena cannot be discussed here. 
For such technical details the books by Abramson (1934) and Gortner 
(1937) and the papers by Moyer (1936, 1940), Abramson and Moyer 
(1937), and Tiselius (1940) should be consulted. 

Of the four phenomena mentioned above, the techniques for measur¬ 
ing electrophoresis seem to be the most useful for the investigation of 



Fio. 8. Potential: Time Curves 
Exhibited by a Hypothetical 
Aerobe and Anaerobe. (From 
Hewitt, 1936.) 
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TABLE 9 

Electrokinetic Phenomena 


Name Phenomenon Produced by 

1. Electrophoresis Movement of colloidal particles, baote- Applied e.m.f. 

ria, and other cells with respect to the 
dispersion liquid. 

2. Electroendosmosis or Movement or flow of a liquid through a Applied e.m.f. 

electro-osmosis gel or capillaries (tubes, pores of 

membranes, etc.). 

3. Sedimentation potential E.m.f. produced. May be positive or Movement of particles with 

or Dorn effect (reverse negative. For example, lead shot respect to liquid 
of electrophoresis) dropped through water, alcohol, or 

bensene carry down a (+) charge, 
while through turpentine or carbon 
tetrachloride a (—) charge. 

4. Streaming potential (re- E.m.f. produced. Movement of liquid through 

verse of electro-osmosis) pores of a diaphragm or a 

capillary tube due to re¬ 
straining action of capilla¬ 
ries 

bacteria, blood cells, proteins, and other organic surfaces of especial 
interest to the biologist. The techniques of electro-osmosis and 
streaming potential serve best to develop our knowledge of the electro- 
kinetic properties of certain chemical systems, especially those involv¬ 
ing small pores and those complicated by surface conductance [Abram¬ 
son and Moyer (1937)]. However, the one-way protoplasmic streaming 
in the filaments of some of the common molds and the passage of 
fluids under certain conditions through the common bacteriological 
filters are probably examples of electro-osmosis [see Mudd and Mudd 
(1924)]. Since very few bacteriological data are available on the elec- 
trokinetic phenomena other than electrophoresis, no attention will be 
given to them here. 

ELECTROPHORESIS 

The phenomenon of electrophoresis has been known and studied 
by physical chemists for the past hundred years. However, it did 
not become of significance in biochemistry until 1899, when Sir William 
Hardy observed that proteins show this phenomenon in a highly char¬ 
acteristic way. Later Michaelis and his associates demonstrated the 
value of electrophoretic methods for the characterization of enzymes 
and proteins. As early as 1904 Bechhold noted that bacteria suspended 
in an aqueous medium carry an electrical charge. Since that time a 
great number of studies have appeared on the electrophoresis of bacteria 
and other microorganisms [see Falk (1928), Abramson (1934), Moyer 
(1936), Steams and Roepke (1941)]. 

When a potential difference is set up between two electrodes in a 
colloidal system, the particles move toward the anode or cathode. 
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depending upon their charge. The movement of such particles, or 
cells, under the influence of an electric current is called electrophoresis. 
The words anaphoresis and cataphoresis are used to designate migration 
to the anode and cathode, respectively. The most direct method of 
studying electrophoresis, and the one most commonly used by the bac¬ 
teriologist, is observing with the microscope or ultramicroscope the 
migration of individual particles (bacteria) in a solution through which 
an electric current is flowing. Unfortunately this method is very 
limited in its application, since many of the substances, such as pro¬ 
teins and viruses, which are of interest have such a small molecular 
or particle size that they are beyond the resolving power of ordinary 
microscopes. 

The observation of electrophoretic migration of these substances 
must, therefore, depend upon measurements of the movement of a 
layer of the solution of the substances in an electrophoresis tube. For 
this purpose two different methods have been employed: (1) the 
transference method, which depends upon the determination by chemi¬ 
cal or biological analysis of the increase or decrease of the amount of 
substance above a fixed level in the tube, when a known amount of 
electricity is allowed to flow through; and (2) the moving boundary 
method, which measures the distance traveled by the boundary be¬ 
tween the solution and a supernatant medium of the same electrolytic 
composition. The transference method has been used particularly for 
studying certain enzymes; the moving boundary method is especially 
convenient for colored materials. Both methods are, of course, identi¬ 
cal in principle with those used by the physical chemist for measuring 
migration velocities of ordinary ions. The moving boundary method 
has been developed largely by Tiselius in Sweden and is now used 
extensively for studies on native fluids and other substances of interest 
to the chemist and biologist. Since the excellent review by Tiselius 
(1940) is readily available to the student, further details on the applica¬ 
tion of the moving boundary method wU not be given here. Let us 
now return to a brief discussion of the direct method of studying elec¬ 
trophoresis and its application in the field of bacteriology. 

Bacteria in general carry a negative charge when suspended in a 
natural solution of low salt content and thus migrate to the anode when 
observed in a microelectrophoretic cell. When various cations are 
added to the fluid in which the bacteria are suspended or when the 
hydrogen-ion concentration is increased, this negative charge is reduced 
or is sometimes even replaced by a positive charge, so that the move¬ 
ment in a microelectrophoretic cell is decreased in velocity or reversed 
in direction. So far as the hydrogen-ion concentration is concerned, 
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the majority of the bacteria have an isoelectric point in the range pH 
3.0 to 4.0, and at this point migration in an electric field ceases. Even 
though most bacteria possess a negative charge, a few observations 
have been made using certain bacterial species suspended in neutral 
buffer solutions in which the cells have shown no definite electro¬ 
phoretic mobility at any field strength. Apparently the charge on the 
surface of such organisms is so low that it is impossible to assign them 
a mobility value. 

Most of the viruses so far examined migrate to the anode in neutral 
solutions; thus they carry a negative charge [McFarlane (1940)]. The 
same statement holds true for yeast. The spirochetes and protozoa 
appear to be divided between species or strains which bear positive 
and those which carry negative charges; however, it should be kept in 
mind that erroneous results may account for this difference. Failure 
to observe the level at which cellular movement takes place in the 
microelectrophoretic cell and failure to measure pH are two very 
common faults in electrophoresis research work. The strong electro- 
osmotic flow of the medium in a microelectrophoretic chamber may 
cause a weakly charged negative particle to move toward the negative 
pole against its own attraction for the positive pole; and, if acid is 
added to a suspension of electronegative cells, they may reverse the 
charge at reactions on the alkaline side of their isoelectric points. 

Direct measurements of the velocity with which particles or cells 
move in an electrophoretic apparatus have been made by many 
workers. The proper apparatus and a standard technique for bacterial 
electrophoretic studies have been discussed at some length in two 
papers by Moyer (1936). He has shown that, when experiments of 
this type are carefully performed, results are no more variable than with 
nonliving systems. Similar findings have been reported by Steams 
and Roepke (1941). These papers should be consulted by those in¬ 
terested in this subject. In a general way, the technique consists of 
suspending particles or cells in a buffer solution placed in a special 
apparatus known as a microelectrophoretic cell and observing with a 
microscope the time required for a single particle to move a certain 
distance under a definite potential gradient. The flow of current 
through the microelectrophoretic cell is then reversed, and the velocity 
of another particle is determined. This process is repeated several 
times. If certain factors are carefully controlled, uniform results will 
be obtained each time. 

When electric migration studies are carried out with bacteria, it is 
found that the cells, like the particles of colloidal sols, migrate to the 
pole in the microelectrophoretic cell possessing the opposite sign from 
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that on the cell. The formula for the velocity of migration is: 

4iTrrj 

where V = the velocity of the particles or cells in centimeters (or 
micra) per second. 

f = the electrokinetic potential (zeta potential), the potential 
at the surface of the cell (or particle) and the medium. 

E =s the drop in applied e.m.f. per centimeter between the 
electrodes of the microelectrophoretic cell, that is, the 
potential gradient or the field strength in electrostatic 
units per centimeter. 

D = the dielectric constant of the medium (approximately 80 
for water). 

71 == the viscosity of the medium (0.01 poise for water at 20°C.). 

From this equation we can also solve for the electrokinetic potential 
(Helmholtz potential, f): 

iwrjV 
^ ~ ED 

Thus, by knowing the rate of migration (7) of a particle or bacterial 
cell and by making use of the theories pertaining to the electrical 
double layer at the surface of a particle suspended in a liquid, it is 
possible to measure indirectly the potential difference or the electroki¬ 
netic potential (f, zeta potential), between the bacterial cell and its 
medium. 

We now know that the concept of Helmholtz, visioning a rigid elec¬ 
trical double layer of ions at the surface of a particle suspended in a 
fluid, has been replaced by the idea of a diffuse double layer, the so- 
called Gouy cloud of ions. In other words, instead of having two rigid 
layers opposite in sign at a molecular distance, the outer layer is 
free to move and exists as an ionic cloud. Over a time average, the 
outer layer has a net charge opposite in sign to the ions held by the 
particle. The thickness of the ionic atmosphere around colloidal 
particles or cells varies from the unimolecular dimension of the com¬ 
pact Helmholtz double layer (from 1 to 20 A., or about 1 mm) to the 
hundred or more molecules in the depth of an ionic cloud. The depth 
of the ionic cloud has been calculated to be 0.96 mM for a 0.1 N so¬ 
lution of salt, 9.6 mM for a 0.01 N solution of salt, and 1,010 mM for 
pure water. It can thus be seen that, if the ionic cloud is diffuse and 
free to move, it is not a fundamental characteristic of the surface 
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particle. For this reason recent studies on electrophoresis have been 
concerned more Avith the net charge density (or) per square centimeter 
of cell surface. Charge and potential should always be clearly dis¬ 
tinguished; charge is often carelessly used to indicate potential. Poten¬ 
tial is pressure, whereas charge is quantity. Potential is always ex¬ 
pressed in volts; charge is expressed in coulombs, or electrostatic units. 
Between charge and potential there is a definite relationship and inter¬ 
dependence, which can be calculated [see derivation of formula in the 
paper by Moyer (1936)] if the rate of mobility (F), the zeta poten¬ 
tial (f), and several other factors are known: 


47r(rX 



where a = the surface charge per unit area. 

X = the thickness of the ionic cloud, and the other s 5 Tnbols have 
their usual meaning. 

Thus, by determining the mobility in a microelectrophoretic cell, by 
experimentally measuring the thickness of the double layer, by knowing 
the area of the bacterial cell and the above constants, the value for 
or can be determined. 

The literature on bacterial electrophoresis is very large [see Falk 
(1928), Abramson (1934), Moyer (1936), and Stearns and Roepke 
(1941)], and space does not permit a discussion here of all the results. 
Thus only a few general remarks will be made. 

Many and varied bacterial phenomena have been associated with 
electrophoretic values. In fact, it can be said that electrophoresis is 
one of the most powerful tools at the disposal of the biologist for the in¬ 
vestigation of the surface phenomena which are so intimately linked 
to biological processes. Falk and his associates studied at some length 
the relationship between electrokinetic potential and bacterial virulence 
for experimental animals. Although they noted a direct parallelism 
between these two characteristics with diphtheria bacilli and pneu¬ 
mococci, their facts have not been used for practical purposes. Others 
have correlated electrophoretic values with the ability of bacteria to 
fix nitrogen, with the agglutination of organisms, with the bacterial 
population cycle, with cultural and biological characteristics [Verwey 
and Frobisher (1940)], and with bacterial variation. Abramson (1934) 
observed that the mobility and zeta potential of living cells and proteins 
was lowered by the addition of salts, whereas the net charge density 
per square centimeter of surface actually increased. This fact can 
be seen very well in Table 10, which shows the influence of salt on the 
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TABLE 10 

The Influence op Salt on the Mobility, Zeta Potential, and Net Chabob 
Density op Unsensitized ^‘Rough” Typhoid Bacilli 

[From Abramson (1934)] 

Net Charge 


NaCl Mobility, Zeta Potential, Density, 


Concentration 

Agglutination 

V, fi/sec. 

i’, volts 

<r, e.s.u.* 

0.001 ilf 

+ 

3.9 

0.063 

1,420 

0.004 

+ + 

3.6 

0.049 

2,590 

0.01 

+ + 

3.2 

0.043 

3,390 

0.02 

+ + 

2.4 

0.033 

3,600 

0.04 

++ + 

1.6 

0.022 

3,150 


* The electrostatic unit is the charge which will repel with a force of one dyne 
an equal charge placed at a distance of one centimeter in air. 

agglutination of ^'rough^^ typhoid bacilli. These data demonstrate 
that, during coagulation by simple salts, particles in general do not 
have their net surface charge decreased. Rather it is the surface 
potential (zeta potential) which is lowered. When staphylococci, 
colon bacilli, and dysentery bacilli were sensitized by decreasing 
dilutions to specific iimnune sera, the net charge density, 

(T, of the staphylococci hardly changed, that of the colon bacilli was 
lowered, and that of dysentery bacilli actually increased as agglutina¬ 
tion took place. From these results Abramson concluded that such 
agglutinations were not connected with the zeta potential but were 
connected with the reaction of the bacterial surface with the specific 
antibody. 

Moyer (1936) studied the electrophoresis of Escherichia coli during 
various phases of the population cycle. His data show that definite 
changes in the surface of the cell occur during the cycle, and that 
‘‘smooth^^ and ‘^rough’^ strains exhibit different mobilities. These 
changes are intimately linked with the growth process and especially 
with the periods of lag and physiological youth. Moyer believes that 
the cells may possibly show an increase in permeability during the 
early phases of grow^th and that all these changes are due to actual 
changes in the physical or chemical constitution of the bacterial sur¬ 
face during the population cycle. In the discussion of the period of 
physiological youth in Chapter 2 this phase of the subject is briefly 
mentioned. Only one other example dealing with electric mobility 
will be given here. From the time of inoculation of fresh media with E. 
coli until about one hour later, a sharp decrease in the electric mobility 
of the cells was observed (Fig. 9). This decrease in mobility persists 
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from about the first hour until the third or fourth hour, whereupon 
there occurs an increase in mobility up to the original value observed 
for the cells in the culture used as the inoculum. Although it will be 
seen that the mobility of cells from rough cultures was about 600 per 
cent higher than that of those from smooth cultures, both types passed 
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Fig. 9. The Effect of the Age of the Culture on the Electrophoretic Mobility of 
Rough and Smooth Forms of Escherichia coli Grown in Peptone Media and Sus¬ 
pended in Buffers. Upper curve: Rough form in 0.02 M acetate buffer, pH 6.6. 
Lower curves: Smooth form measured in 0.0066 M phosphate (circles) and 0.02 M 
acetate (squares) buffers at pH 6.9 and 6.6, respectively. Different markings 
represent experiments done on different days. (From Moyer, 1936.) 

through a minimum in electric mobility in the early stages of their 
culture cycle. Calculation of o, the net charge density, showed a 
similar decrease during the early phase of the population cycle (see 
Fig. 5, Chapter 2). Similar interesting data have been presented by 
Steams and Roepke (1941), working with Brucella species. 


HYDROGEN-ION CONCENTRATION AND ACTIVITY, 
TITRATABLE ACIDITY, AND BUFFER ACTION 

A few years ago the conception of hydrogen-ion concentration and 
activity as a more exact expression of acidity, or rather ‘‘reaction,'^ 
than titratable acidity or alkalinity was only of academic interest. Soon 
it was realized, however, that the extension of this conception to science 
and industry provided not only a solution to many problems but also, 
in certain processes, a valuable means of control. The measurement 
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of hydrogen-ion concentration and activity probably owes its origin 
to biochemical research; in fact, it is no exaggeration to say that the 
requirements of biochemical problems have led, more than any other 
factor, to improvements in technique and a realization of the im¬ 
portance of the subject. No attempt will be made here to cover the 
theoretical aspects or to discuss the technical details involved in 
measuring hydrogen-ion concentration and activity. For those in¬ 
terested in such phases of the subject the books by Michaelis and 
Perlzweig (1926), Clark (1928), and Buchanan and Fulmer (1928) 
are recommended. 

The measurement of the reaction of a medium by determining the 
hydrogen-ion concentration is based principally on the theory of the 
dissociation of electrolytes, formulated as early as 1887 by the Swedish 
chemist, Svante Arrhenius. According to his theory, substances 
such as acids, alkalies, and salts (known as electrolytes), whose aqueous 
solutions conduct electricity, are in part split up or dissociated in 
solution into two portions or ions. One (the cation) carries a positive 
charge and is therefore attracted to a negatively charged plate or 
electrode {cathode) placed in solution; the other (the anion) is negatively 
charged and migrates through the solution to the anode or positively 
charged electrode. Arrhenius also observed that electrolytic conduct¬ 
ance in an aqueous solution is not entirely proportional to the amount 
of electrolyte which is dissolved. This fact led him to believe that at 
infinite dilution complete dissociation of electrolytes takes place, 
whereas in more concentrated solutions the breakdown is not entirely 
complete and part of the original electrolyte remains in solution in an 
undissociated state. Thus, according to his conception, an aqueous 
solution of sodium chloride or hydrochloric acid would have the 
following equilibria: 

NaCl ^ Na+ + Gl¬ 
and 

Hci H+ + cr 

For dilute solutions the equilibrium of either equation would sliift 
toward the right, whereas in more concentrated solutions the equilib¬ 
rium would shift farther and farther to the left. As a result we have 
so-called dissociation constants of electrolytes, 'which are expressions of 
the ratio between the product of the concentrations of the dissociated 
ions and the concentration of the undissociated molecules. We shall 
point out two facts shortly: (1) dissociation constants apparently do 
not indicate degree of dissociation, as was originally thought, but 
rather the degree of interionic friction and therefore the extent to 
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which the electrolyte will diverge from the theoretically perfect be¬ 
havior of solutions; and (2) the reaction or acidity of an aqueous solu¬ 
tion should be expressed by the hydronium-ion (HaO"^) concentration 
and its activity rather than by the hydrogen-ion concentration, because 
free protons (H"^ is a proton) do not occur to any measurable extent 
in solution. 

Although Arrhenius laid the foundation upon which is built the 
theory of hydrogen-ion concentration and hydrogen-ion activity, his 
views in respect to the incomplete dissociation of electrolytes in a con¬ 
centrated solution have been altered as a result of more recent research. 
As we know, chemists and physicists have presented data which dis¬ 
credit the existence of individual molecules as represented by KCl, 
NaCl, and similar formulas. Studies on the crystalline structure of 
salts such as sodium chloride have shown that there are no molecules 
of NaCl in crystalline matter, but rather atoms of sodium and chlorine 
spaced at equal distances from each other throughout the salt. Thus, 
if the atoms all exist as ions in the solid salt, why should they not 
remain so when in solution, regardless of the concentration? This 
question cannot be answered here, but for our purposes it will probably 
be sufficient to say that the difference is due to ion pairs or the electro¬ 
lytic friction of the ions. This view seems reasonable, because the 
higher the concentration, the closer together are the ions and the greater 
is the interionic electrical friction. On the other hand, in very dilute 
solutions the ions are farther apart, their mutual electrostatic attrac¬ 
tions are negligible, and the ions can exercise their full kinetic energy 
and activity. 

The kydrogen’4on activity of a solution is an intensity factor and is 
related to the hydrogen-ion concentration in the following way: 

H-ion activity « (H-ion concentration) X (ft the mean ion-activity coeflBicient) 

At infinite dilution or in a very low concentration of hydrogen ions, the 
mean ion-activity coefficient is considered to be equal to 1.00 (a 
0.0005 M solution of HCl has an activity coefficient of 1.00). There¬ 
fore, under such conditions, hydrogen-ion activity equals hydrogen-ion 
concentration. Although for practical purposes it is convenient to 
regard the two values as identical, it must be kept in mind that the 
methods which are employed for the measurement of hydrogen-ion con¬ 
centration, or pH, are in reality measuring hydrogen-ion activity. 

Several other points concerning the hydrogen ion should be men¬ 
tioned because they are rather disturbing in connection with certain 
accepted theories. Although it is natural to indicate the hydrogen 
ion by the S3anbol Bronsted, Lowry, and others [see Kolthoff 
(1930)1 say that there is no such thing as a hydrogen ion in an aqueous 
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solution because no good reason exists why one and not both of the 
two hydrogen atoms of water should become detached. Furthermore, 
since is a naked proton and extremely small, it is able to penetrate 
the structure of any other molecule with which it comes in contact. 
In an aqueous solution this would probably be an undissociated water 
molecule (H 2 O), and the structure might be written as (HsO)"^, the 
so-called hydronium ion. Other recent studies indicate that the hydron- 
ium ion must not only be regarded as OHs"^, but also some of the higher 
polymers, such as 02 H 5 ‘^ and must be considered, since water 

exists in an indefinite number of polymers of H 2 O. If we do accept 
the fact that hydronium ions exist, then the following reaction takes 
place when hydrochloric acid is added to water: 

H2O + H+ + cr H3O+ + cr 

From this reaction it can be seen that it is necessary to define an acid 
as a compound which can split off protons rather than one which disso¬ 
ciates, yielding a preponderance of hydrogen ions. Furthermore the 
requirement that an acid should combine with a metal hydroxide to 
form a salt is also discarded. Thus it can be stated very simply: 

Acid Base + Proton 

If these facts are accepted for an acid, then the older definition of a 
base—that it must give off hydroxyl ions—must also be discarded. 
By this new concept a base would be defined as a substance that can 
take up protons. Since the hydrogen ion is a proton, we can illustrate 
this definition by the equation H 2 O + HCl ^ HsO"^ + Cl””, which 
shows water to be a base, and by the equation H 2 O OH”” + 
which shows water to be an acid. In accepting these points, we do not 
necessarily have to discard all the older theories which attribute acidity 
to the hydrogen ion. In this discussion we shall continue to use the 
older terminology and wTite the hydrogen ion by the symbol keep¬ 
ing in mind, how ever, that it is only a symbol and may not represent the 
true condition in a solution. 

The reactions with which w^e are mostly concerned in bacteriology 
take place in aqueous solutions. Since pure w^ater undergoes a very 
slight dissociation into positively charged hydrogen ions, characteristic 
of acids, and negatively charged hydroxyl ions, characteristic of bases, 
the dissociation constant of w^ater becomes a very important value in 
the calculation of hydrogen-ion activity or hydrogen-ion concentration. 
The equation for the dissociation may be written as: 

(H+) X (OH-) ^ 


fHOH) 
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where (H"*") *= the molecular concentration of hydrogen ions. 

(OH“) == the molecular concentration of hydroxyl ions. 

(HOH) « the molecular concentration of the undissociated water. 

K — the dissociation or ionization constant. 

If this equation is stated in words, we say that the product of the 
concentration of hydrogen ions and hydroxyl ions divided by the con¬ 
centration of the undissociated water is equal to a constant. Since the 
dissociation of water is so slight (only about one molecule in every 
556,000,000 molecules is dissociated into H“^ and OH^ ions), the con¬ 
centration of undissociated water will always remain extremely large 
in relation to the dissociated products (H"^) X (OH""). Therefore no 
significant change will occur in the denominator of the dissociation 
equation with an ordinary alteration in the degree of dissociation, 
and (HOH) may be disregarded. Thus we can now rewrite the above 
equation: 

(H+) X (OH~) = 

where is the dissociation constant of water. 

This equilibrium holds for any aqueous solution and thus for all 
biological reactions, since water is essential in all living systems. If, 
for example, the hydrogen-ion concentration in a system is doubled 
by the addition of an acid, then the hydroxyl-ion concentration will 
simultaneously be halved so that the above reaction will remain in 
equilibrium and the product of the concentrations will remain-constant 
at the value of Kyj, On the other hand, if the hydroxyl-ion concentra¬ 
tion is increased by the addition of an alkali, then the hydrogen-ion 
concentration will correspondingly decrease in proportion to maintain 
the equilibrium. 

The value of K^, the dissociation constant of water, has been deter¬ 
mined by conductivity measurements and has been shown to vary 
with temperature. For example. Burns (1929) gives the following 
values: 

1. At O^C., A'„ --^- 

10 , 000 , 000 , 000 , 000,000 

2. At 22°C., -- - - 

100 , 000 , 000 , 000,000 

3. At 40“C., - - 

100 , 000 , 000 , 000,000 

48 


4. At lOO^C., Ku, = 


100,000,000,000,000 
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Since such fractions are very cumbersome to write, the index notation 
may be used, and the above fractions become: 

1. 0.01 X 10“*^ = Ky, at 0°C. 

2. IX 10-‘< = at 22‘’C. 

3. 3.5 X 10-1^ = at 40°C. 

4. 48 X 10-1^ = at 100“C. 

Since (H"*") X (OH~) = Kw, and and OH“ are produce d in 
equal amounts when pure water dissociates, (H'*') = (OH“) = V K^,. 
Between 22° and 23°C. water has a dissociation constant convenient 
to work with, and measurements of hydrogen-ion concentrations 
(activities) are frequently made at this temperature. Thus at 22° 
to23°C.: = 10~** 

(H+) X (OH-) = 10-*< 

(H"^) is therefore equal to V 10~^^ = 10“^ 

and _ 

(OH~) is likewise equal to VTo^ = 10“^ 

According to these figures, pure water at 22°C. has a concentration of 
10~^ g. (0.0000001 g.) of hydrogen ions per liter. 

It can be seen from the preceding discussion that it is rather incon¬ 
venient to use either numerical terms with decimal figures or an ex¬ 
pression such as 1.3 X 10“^, which is the hydrogen-ion concentration 
of 0.1 AT acetic acid. To get around these diflSculties, Sprensen in 1909 
suggested that hydrogen-ion concentration be expressed as the logarithm 
of the reciprocal of the hydrogen-ion concentration. This he called the 
pH value, in which p stands for Potzen (German, power), that is, the 
index or logarithm; and Ch+ stands for hydrogen-ion concentration. 
This important definition is expressed by the equations: 

pH = log ~ = - log Ch+, or Ch+ = lO-"® 

Ch+ 

In reality, the Ch+ in this equation should be replaced by the symbol 
(aH“^), representing the hydrogen-ion activity. However, as we stated 
before, we arc assuming that for ordinary purposes H-ion activity = 
H-ion concentration. 

Pure water at 22®C. has a hydrogen-ion concentration of 10“"^, or a 
pH =* 7.0: 

pH = log^= - log 10-^ = 7 
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and 0.1 iV* hydrochloric acid, which contains approximately 9.1 X 10 ® 
g. of hydrogen ions per liter, has: 

1 

pH = log-r = 2 - log9.1 = 2 - 0.959 = 1.041 

^ 9.1X10-2 

Likewise for 0.1 AT acetic acid containing 1.3 X 10^^ g. of hydrogen 
ions per liter: 

1 

pH = log-r = 3 - log 1.3 = 3 - 0.114 = 2.886 

^ 1.3 X 10-3 

The concentration of hydrogen ions in any aqueous solution may be 
obtained by transposing the general formula for dissociation as follows: 

a. (HOH) 

H+ = K - - - 

(OH-) 

When the acidity of an aqueous solution decreases, the alkalinity 
increases, so that with a decrease in H"^ there is a corresponding increase 
in OH-. A convenient limit is reached in normal acid and alkaline so¬ 
lutions, respectively. These limits constitute the ends of the hydro- 
gen-ion scale and are expressed by the values 1.0 to IQ-^^. Table 11 

TABLE 11 


Hydrogen-Ion Concentrations Expressed In Different Wats 


Reaction 

Normality * 

H+ 

grams/ 

liter 

OH- 

grams/ 

liter 

pH 

Acid 

l.ON 

1 

10-“ 

0.0 

Acid 

0.1 W 

10-* 

10-“ 

1.0 

Acid 

0.01 W 

10-® 

10-“ 

2.0 

Acid 

0.001 AT 

10-* 

10-“ 

3.0 

Acid 

0.0001 N 

10“^ 

10-10 

4.0 

Acid 

0.00001 N 

10~® 

10-* 

6.0 

Acid 

0.000001 N 

10“* 

10-* 

6.0 

Neutral 

Pure water 

10-^ 

10-'' 

7.0 

Alkaline 

0.000001 N 

10-® 

10-® 

8.0 

Alkaline 

0.00001 N 

10-* 

10-“ 

9.0 

Alkaline 

0.0001 N 

10-10 

10-‘ 

10.0 

Alkaline 

0.001 N 

10-“ 

10-» 

11.0 

Alkaline 

0.01 AT 

10-“ 

10-* 

12.0 

Alkaline 

0.1 AT 

10-« 

10-' 

13.0 

Alkaline 

l.OAT 

10-“ 

1 

14.0 


* In respect to H"*" or OH ions. 

shows the relationship between pH values and the corresponding (H"^) 
and (OH-) concentrations in grams per liter. 

Although pure water has a pH of 7.0 (or a pOH = 7.0 and pHOH = 
14.0) at 22® to 23®C., it will not have the same value at different tern- 
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peratures because of the effect of temperature on the dissociation. 
This fact is shown by the following data: 


Temperature 

pH 

pOH 

pHOH 

o-c. 

7.43 

7.43 

14.86 

S'C. 

7.30 

7.30 

14.6 

16 "’C. 

7.10 

7.10 

14.2 

18°C. 

7.07 

7.07 

14.14 

20‘’C. 

7.03 

7.03 

14.06 

22'’C. 

7.0 

7.0 

14.0 

25‘’C. 

6.95 

6.95 

13.9 

30 °C. 

6.88 

6.88 

13.76 

37°C. 

6.75 

6.75 

13.5 

60°C. 

6.52 

6.52 

13.04 

70°C. 

6.33 

6.33 

12.66 

99'■C. 

6.07 

6.07 

12.14 


Such data as these are fairly important in bacteriology. For example, 
when a medium is adjusted to pH 7.0 at 22°C. and then is used at this 
temperature, it is neutral wdth respect to (H"^)-ion and (OH"”)-ion con¬ 
centration. However, if this same medium is adjusted to pH = 7.0 at 
99°C., it will be distinctly alkaline; likewise, if the adjustment is made 
at 0° to 5°C., it will actually be on the acid side of neutrality when it is 
used at 22°C. Therefore, it should be kept in mind that a neutral 
solution at any given temperature is one which has the same pH as 
pure water at the corresponding temperature. These data explain 
also why it is that, when sugar broth tubes containing Andrade's in¬ 
dicator are taken fresh from the autoclave, they are more acid than 
when they were made or after they have been allow^ed to cool to room 
temperature. With S0rensen's method it is rather diflScult to appreci¬ 
ate the relative concentrations of ions at two temperatures. As the 
temperature increases, dissociation increases, but the negative exponent 
or pHOH decreases. At 8°C., for example, the pH is 7.3 and at 22®C. 
it is 7.0. Put in this way, the fact is not readily grasped that the 
H-ion concentration at 22°C. is double that at 8®C. If, however, the 
negative exponent is kept a whole number and the fraction is written 
as a multiplier, the relationship is seen at once: 

At 8^C., pH = 7.3 = 0.5 X 10“^ = Ch+ 

and 

at 22^C., pH = 7.0 = 1.0 X 10“-' = Ch+ 

The symbol pH is very convenient because it can be used to designate 
either acidity or alkalinity, and it is possible to express in 14 units of a 
scale acidities of solutions which range from one-tenth normal to 
one-hundred trillionth normal (10~^^) in terms of hydrogen ions. In 
the use of the pH scale there are two important facts to keep in mind. 
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First, we are dealing with reciprocals, and therefore the pH will de¬ 
crease as the hydrogen-ion concentration increases. Second, we are 
using a logarithmic scale with 10 as a base; therefore each change of 
one in our pH scale corresponds to a tenfold change in the hydrogen-ion 
concentration. For example, at 22 ®C. a solution that has ten times the 
hydrogen-ion concentration of pure water (pH = 7.0) will have a pH 
of 6.0, one with 100 times the concentration a pH of 5.0, and one with 
one-tenth the concentration a pH value of 8.0. Also, since the scale 
represents logarithmic values, the difference in acidity between pH 
6.0 and 5.1 is greater than between pH 7.0 and 7.1. 

The strength of an acid (or base) in an aqueous solution may be 
apprehended in two ways. (1) The potential acidity or the quantity 
of hydrogen ions which can be made to combine with a base can be 
measured. This is usually referred to as the titratable aridity (or alkor 
Unity) or the capacity factor of an acid. For example, a normal solution 
of an acid, irrespective of its molecular constitution, contains 1 g. per 
liter of hydrogen replaceable by metallic ions. A normal solution of 
hydrochloric acid, therefore, contains the same amount of replaceable 
hydrogen as a normal solution of acetic acid. The two solutions have 
the same total acidity and require the same amount of alkali to neutral¬ 
ize them. They are thus equimolecular with regard to their acidity. 
( 2 ) The concentration of the free or active hydrogen ions (or hydroxyl 
ions) can be determined. Thus is sometimes called the intensity factor of 
an acid and is usually represented by the symbol pH. Two acids which 
are equimolecular may not contain the same number of active hydrogen 
ions because they dissociate differently in aqueous solutions. The ex¬ 
tent to which acids dissociate depends not only on the concentration 
but also on the nature of the electrolyte. For example, a 0.1 iV solution 
of hydrochloric acid is dissociated to the extent of approximately 91 
per cent, whereas a 0.1 solution of acetic acid is dissociated only to 
the extent of about 1.3 per cent. This fact means that of the 100 mg. of 
replaceable hydrogen which 1 liter of a 0.1 A solution of HCl contains, 
91 mg. exists as ions of hydrogen and can be expressed as: 

0.1 X 91 , o n o 

-= 0.091 = 0.91 X 10-^ = 9.1 X 10“2 = 10° X 10 “^ 

100 

(0.96 being the log of 9.1), and finally by 10“^*°^ g. per liter; whereas 
in acetic acid there is only 1.3 mg. of hydrogen, and this fact can like¬ 
wise be expressed as: 

0.1 X 1.3 


100 


0.0013 = 1.3 X 10-3 « IQO.ii 10^8 ^ I0“2.®®g. per liter 
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It can thus be seen that the quantity of active hydrogen ions in 
0.1 N HCl is 70 times as great as that in 0.1 N acetic acid and also 
that the strength of an acid is a function of its dissociation. It fol* 
lows logically that the real strength of an acid is not determined by 
the total quantity of hydrogen replaceable by a metal but only by the 
dissociated portion. Thus the ‘'real acidity^' of 0.1 iV HCl is 0.091 N 
and that of 0.1 iV acetic acid is 0.0013 N, or, simply, the hydrochloric 
acid solution contains 91 mg. of hydrogen in the ionic state per liter and 
acetic acid 1.3 mg. 

What has just been stated concerning the dissociation of acids 
applies also to the alkalies whose active group, so far as reaction is 
concerned, is characterized by the negatively charged hydroxyl ion 
(OH~). Just as we can have equimolecular acids, so can we have 
strong and weak alkalies which have equimolecular concentration 
but which likewise undergo different degrees of dissociation. For 
example, the strong alkali, sodium hydroxide, is dissociated to the 
extent of about 84 per cent in a 0.1 N solution, whereas a 0.1 N solution 
of ammonia, a relatively weak alkali, is dissociated only to the extent 
of 1.4 per cent in a 0.1 iV solution. Thus the same calculations hold 
for sodium hydroxide: 

^ = 0.084 = 8.4 X 10-2 ^ io®-82 X 10-2 = 10-* °* g. perUter 

100 

and for ammonia: 

= 0.0014 = 1.4 X 10-2 ^ 10 ” X 10-3 

100 

= 10 ^ g. per liter of active (OH ) ions. 

A number of substances, however, are able to dissociate in various 
ways, so that under one set of conditions they yield hj^'drogen ions 
and under others hydroxyl ions, and sometimes even both ions simul¬ 
taneously. These are called amphoteric substances, and they have a 
very important function in all biological processes. The best exam¬ 
ples are the proteins and their degradation products. Their dissocia¬ 
tion takes place by either of these formulas: 

H R OH H R + OH"" (Basic dissociation) 

H*R*OH ^ R-OH + H"^ (Acidic dissociation) 

The way in which amphoteric substances dissociate depends upon the 
reaction of the medium. Alkaline dissociation predominates when the 
medium is acid, and acidic dissociation when the medium is alkaline. 
The hydrogen-ion concentration at which this type of dissociation is at 
a minimum is the isoelectric point of the amphoteric substance. 
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THE MEASUREMENT OF pH 

One of two methods of measuring the hydrogen-ion activity of a solu¬ 
tion is now generally used. The two methods of measurement are: 
(1) the colorimetric method, and (2) the electrometric method. The elec¬ 
trometric is by far the more accurate of the two, although the colori¬ 
metric method is convenient and acceptable for most bacteriological 
work. It is beyond the scope of this discussion to do more than men¬ 
tion the techniques by which hydrogen-ion activity (or concentration) 
can be measured. Several excellent manuals [Clark (1928), LaMotte, 
Kenny, and Reed (1932), and Manual of Methods for Pure Culture 
Study of Bacteria, Leaflet IX (1938)] are available, and they should be 
consulted for all details. 

The Colorimetric Method. Various indicators are used exten¬ 
sively in bacteriology to determine pH. The method depends upon 
the use of various organic compounds which show color changes over 
certain characteristic ranges of pH when they are introduced into 
aqueous solutions. The color change may be due to the conversion 
of an almost undissociated weak acid or base of a certain color to a 
salt, which is almost completely dissociated and whose ion has a par¬ 
ticular color. An example is methyl orange, which exists in an acid 
solution as the yellow undissociated acid, but, when present in an 
alkaline solution, dissociates to give the characteristic red basic ion. 
At other times the change in color is associated with a change in the 
internal structure of molecules which exhibit tautomerlsm. In such 
cases the tautomers are of different color. Phenolphthalein, which is 
colorless below pH 8.2 but pink above this value, is a good example. 
This color change has been attributed to the tautomeric rearrangement: 


OH OH 





I 

Bensenoid fonn 
(Colorlem below pH 8.2) 


II 

Quinonoid form 
(Pink above pH 8.2) 
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TABLE 12 

Indicators * tor pH Determinations 
[From Clark (1928) and others] 


Indicator 

Molec¬ 

ular 

Weight 

Concen¬ 
tration 
to Use.t 
per cent 

Sensitive 

pH 

Range and 
Color 

PKX 

Common Name 

Chemical Name 

meto-Cresol purple 
(acid range) 

m>Cre8ol sulfonphthalein 

382 

0.04 

1.2-2.8 
red to yellow 

1.5 

Thymol blue 
(acid range) 

Thymol sulfonphthalein 

466 

0.04 

1.2-2.8 
red to yellow 

1.5 

Bromophenol blue 

Tetrabromophenol sulfonphthalein 

670 

0.04 

3.0-4.6 
yellow to blue 

4.1 

Bromochloro- 
phenol blue 

Dibromodichlorophenol sulfon¬ 
phthalein 

581 

0.04 

3.0-4.6 
yellow to blue 

4.0 

Bromocresol green 

Tetrabromo-fn-cresol sulfonphtha¬ 
lein 

698 

0.04 

3.8-5.4 
yellow to blue 

4.7 

Chlorocresol green 

Tetrachloro-m-cresol sulfonphtha¬ 
lein 

520 

0.04 

4.0-5.6 
yellow to blue 

4.8 

Methyl red 

Dimethylaminoa»oben*ene-o-car- 
boxylic acid 

269 

0.02 

4.4-6.0 
red to yellow 

5.1 

Chlorophenol red 

Diclilorophenol sulfonphthalein 

423 

0.04 

4.8-6.4 
yellow to red 

6.0 

Bromocreeol purple 

Dibromo-o-cresol sulfonphthalein 

540 

0.04 

5.2-6.8 
yellow to red 

6.3 

Bromothymol blue 

Dibromothymol sulfonphthalein 

624 

0.04 

6.0-7.6 
yellow to blue 

7.0 

Phenol red 

Phenol sulfonphthalein 

354 

0.02 

6.8-8.4 
yellow to red 

7.9 

Cresol red 

o-Cresol sulfonphthalein 

382 

0.02 

7.8-8.8 
yellow to red 

8.3 

mefa-Cresol purple 
(alkaline range) 

m-Cresol sulfonphthalein 

382 

0.04 

7.4-9.0 
yeUow to purple 

8.3 

Cresolphthalein 

o-Creeolphthalein 

346 

0.04 

8.J^-9.8 
colorless to red 

9.4 

Phenolphthalein 

Dihydroxyphthalophenone 

318 

0.04 

8.3-10.0 
colorless to red 

9.7 


* Clark and Lube, Cohen, Sorensen, and Eastman indioators. 
t Dissolve in 95 per cent ethyl alcohol or the solvent recommended by Eastouuou 
X The pK value is the pH at which the indicator is 50 per cent dissociated. 
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Phenolphthalein in the benzenoid form (I) is colorless, whereas the 
tautomer (II), because of its quinonoid double bond, is pink. Since form 
II has a carboxyl group, it is also strongly acidic. We know, of course, 
that phenolphthalein, Congo red, and litmus rapidly change color over 

a narrow range of pH and thus lend 
themselves well to the determination 
of the end-point when titrating acids 
and alkalies. These end-points, how¬ 
ever, occur at different pH values, 
that is, about pH 8.2 to 9.0 for 
phenolphthalein, pH =b 4.4 for Congo 
red, and pH db 7.0 for litmus. Al¬ 
though these indicators are widely 
used, the ones employed mostly in 
bacteriological work for colorimetric 
pH determinations are those which 
change color only gradually over a 
range of two to three units on the 
pH scale. 

By comparing the color of a suit¬ 
able indicator in a solution of un¬ 
known pH with the range of colors 
which the particular indicator gives 
in a buffer solution of known pH 
value, the apparent hydrogen-ion 
activity can be determined. Indi¬ 
cators ranging in pH values from 
1.0 to 13 are available. Many of 
these indicators are put up commer¬ 
cially in a series of small tubes of 
buffer mixtures of known pH values 
covering the range of the indicator’s 
colors. Such tubes serve as stand¬ 
ards for comparison. If the com¬ 
mercially prepared standards are 



Chabt 1. The Relative Positions 
of the Sensitive Ranges of the Indi¬ 
cators of Clark and Lubs, and of 
Cohen on the pH Scale in Compar¬ 
ison with the pH Values of Certain 
Solutions. (From Cohen in Manual 
of Methods, 1938.) 


not available, buffer mixtures can be easily prepared. Comparator 
discs of the LaMotte roulette-wheel type, in which the indicator tubes 
just mentioned are replaced by tinted glass, are also available. Usually 
the tinted glass is so prepared that the changes m color are at intervals 
of 0.2 pH units. The tinted glass standards are convenient and do not 
fade, as the buffer-solution indicators may, especially when they 
are exposed to light for any period of time. Some of the most useful 
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Chart 2. The Eastman Indicator Chart. (Courtesy of Eastman Kodak Co.) 


color indicators are given in Table 12 and Charts 1 and 2. In making 
a choice of one of these indicators several factors must be kept in mind. 
The more important of these factors are: 

1. The Protein AND Salt Errors, Since most of the indicators are 
dyes, the presence of colloids, precipitates, etc,, in the solution being 
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tested may tend to remove some of the dye from solution by adsorp¬ 
tion. The effect of the proteins is more or less specific and depends 
upon the nature and concentration of the particular protein substance. 
The change in pH due to the adsorption (or change) of part of the in¬ 
dicator is usually referred to as the ‘‘protein error.^’ In some cases 
the protein error is so great that certain indicators cannot be used. 
When certain other ions are present in fairly high concentrations, they 
will alter the pH indicators. As a rule, salt concentrations of less than 
0.2 JV’ have little effect on the various indicators. However, where 
the indicators are changed, the alteration is usually referred to as the 
“salt error.*' 

2. The Brilliance. An indicator should be chosen which gives 
not only a sharp color change but also a i datively brilliant one. 

3. The Stability. Certain indicators may be attacked (oxidized or 
reduced) by the growth of organisms, their enzymes, or their metabolic 
products. Therefore, if the indicator is to be used in a medium in 
which growth is taking place, it should be relatively stable. 

4. The pH Range. Those indicators which show a color change 
over a relatively narrow range, as a general rule, give a sharper color 
change. An indicator should be chosen with this point in mind. 

The preparation of stock solutions of pH indicators commonly used 
in bacteriological work is not a difficult task, and the details will not be 
given here. For such information Leaflet IX by Cohen in the Manual 
of Methods for Pure Culture Study of Bacteria (1938) is recommended. 
Table 12 lists some of the recommended indicators, along with certain 
other pertinent data. Chart 1, prepared by Dr. Barnett Cohen and 
adopted from the Manual of Methods (1938), shows the dissociation 
curve of some of the indicators noted in the table. The change in color 
of an indicator will take place within a narrow range on each side of 
the pH at which the indicator is 50 per cent dissociated. This point, 
where half the dye is in the form of undissociated indicator and the other 
half in the form of free ions, is very important, since it corresponds to 
the invert logarithm of its dissociation constant. Thus the dissocia¬ 
tion constant of an indicator is a number w^hose invert logarithm is the 
pH value at which the indicator is only 50 per cent dissociated. This 
pH value is usually designated by the symbol pK, Several pK values, 
taken from the Manual of Methods^ are given in Table 12. A very 
convenient chart for colorimetric pH work has been prepared by the 
Eastman Kodak Company. It is reproduced as Chart 2. 

TThe Electrometric Method. The electrometric method of measur¬ 
ing pH is generally more accurate and reliable than the colorimetric 
method and must always be considered the final appeal in doubtful 
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cases. Such a method also lends itself very well to the measurement 
of pH in highly colored, or protein-containing solutions, whereas indi¬ 
cators are almost useless under such conditions. So many laboratories 
are now equipped with pH electrometers that the measurement of hy¬ 
drogen-ion activity has become as routine and simple as taking tem¬ 
perature readings with a thermometer. 

The principle of the electrometric method depends on the measure¬ 
ment of the voltage of a cell made up of two half-cells, the potential 
or voltage of one of the half-cells being a constant whose value is 
known with great precision. The potential of the other is dependent 
on the pH value of the unkno\vn solution in which it is placed. There¬ 
fore, if the voltage of the combination is measured, the pH value of the 
unkno\vn can be obtained by subtracting the potential of the known 
half-cell from that of the whole. Four of the most important half-cells 
or electrodes used in pH determinations will now be discussed. 

1. The Hydrogen Electrode. The arbitrary standard for all pH 
determinations is the hydrogen electrode, although, as will be pointed 
out shortly, it is not generally used for practical purposes. 

All electrometric determinations of pH are based on the assumption 
that ions in solution obey the gas laws. Therefore, when a metal 
electrode is placed in a solution containing ions of the same metal, 
the partial pressure of the ions in solution will be proportional to their 
ionic concentration. Since the metal will slowly dissolve and increase 
the partial pressure of the solution, a difference in electromotive force, 
or potential, between the electrode and the solution may be observed. 
This electromotive force can be measured, and by means of the proper 
formula the ionic concentration of the metal in solution can be deter¬ 
mined. 

The so-called hydrogen electrode is the arbitrary standard for all pH 
measurements and is nothing more than a noble metal, such as plati¬ 
num, which has been coated with a thin layer of spongy platinum 
black and then completely saturated with hydrogen. To keep the 
electrode saturated, a stream of hydrogen gas must constantly flow 
through the solution (the gas, however, does not affect the pH of the 
solution). Platinum is known to have the property of holding hydro¬ 
gen; the minute pores of the spongy coating greatly increase the sur¬ 
face and therefore the adsorption of hydrogen ions. When the hydrogen 
electrode is placed in a solution containing hydrogen ions, it rapidly 
comes to an equilibrium with the solution, but its potential varies with 
the activity of the hydrogen ions in solution. It behaves as though it 
were an electrode composed of metallic hydrogen and is therefore 
sensitive to hydrogen ions, figure 10, taken from the paper by Klop- 
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steg (1922), shows how the potential of the hydrogen electrode varies 
in respect to the negative logarithm of the hydrogen-ion concentration 
(pH) of the solution. 

It is not possible to measure a single metal electrode in a solution. 
Two electrodes, in the form of half-cells, are necessary to give a poten- 



Fia. 10. The Electrode Potential Fig. 11. The So-called Hildebrand Connec- 
of the Hydrogen Electrode with tions for Measuring Gas-Chain Voltage. The 
Reference to the Hydrogen-Ion e.m.f. from the gas chain is balanced by ad- 
Concentration of the Solution in justment of the potential divider until the 
Which It Is Immersed. (From galvanometer shows zero. The voltmeter, 
Klopsteg, 1922.) permanently connected as shown, then gives 

the potential difference which is required to 
balance the unknown e.m.f. (From Klopsteg, 
1922.) 

t.ial which can be measured. If the potential of one is known, such as a 
hydrogen electrode in a buffer solution of known pH or a calomel half¬ 
cell whose potential value is known with great precision, then that of 
the other can be calculated by the formula of Nernst after the potential 
difference is measured with a potentiometer. The electrode whose 
potential is known is termed the reference electrode or the standard 
half-celh A simple set-up for making such measurements is shown 
in Fig. 11. 

The following equation (based on the Nernst formula) gives the rela¬ 
tionship between a hydrogen electrode immersed in a solution contain¬ 
ing a normal concentration of hydrogen ions (reference electrode) 
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and a similar electrode immersed in a solution to be measured which 
contains an unknown concentration of hydrogen ions (Ch,+) less than 
normal. 

E = 0.0001983Tlog-^ 

Chx+ 

where E = the potential difference between the half cells. 

T = degrees temperature above absolute zero (—273®C.). 

2. The Calomel Electrode. Since it is extremely difficult to 
prepare a solution which is exactly normal in respect to hydrogen ions, 
the so-called calomel electrode or half-cell is generally used as the 
standard reference electrode for measuring pH. Space does not per¬ 
mit a description of the preparation and standardization of the calomel 
electrode. It will probably be sufficient to say that the calomel elec¬ 
trode is a glass tube containing potassium chloride solution saturated 
with and resting on mercurous chloride (calomel) and mercury. Calo¬ 
mel electrodes are quite easily prepared, but their potential must always 
be standardized against that of the normal hydrogen electrode. The 
potentials of calomel electrodes at various temperatures are given in 
Table 13. 


TABLE 13 

Potentials in Volts of Calomel and Quinhydrone Electrodes at Various 
Temperatures in Relation to the Normal Hydrogen Electrode 


Tem- 


Calomel Electrode, 

Quinhydrone 

perature, 

0.0001983X 



J-, 

Electrode, 

°C. 

(t°C. + 273) 

Saturated 

1.0 N 

0.1 iV 

E,. 

15 

0.03728 

0,2525 


0.3406 

0.7064 

18 

0.05774 

0.2506 

0.2864 

0.3380 

0.7044 

20 

0.05813 

0.2490 

0.2860 

0.3378 

0.7029 

22 

0.05853 

0.2475 



0.7012 

25 

0.05912 

0.2462 

0.2848 

0.3376 

0.6991 

30 

0.06011 

0.2437 

0.2836 

0.3372 

0.6954 

38 

0.06168 

0.2350 


0.3355 

0.6896 

40 

0.06207 

0.2340 



0.6881 


By using one of the calomel electrodes as a reference half-cell and 
substituting its potential value in the preceding equation, the hydro- 
gen-ion concentration (pH) or activity of an unknown solution in con¬ 
tact with a hydrogen electrode can be measured directly by the follow¬ 
ing formula: 


e.m.f.Qi^gerved calomel electrode 


log 


(H-^) 


pH 


0.00019837r 
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3. The Quinhydrone Electrode. The pH of a solution may be 
determined by combining the quinhydrone electrode, instead of the 
hydrogen electrode, with the calomel electrode. The quinhydrone 
electrode gives excellent results in solutions which have a pH of less 
than 8.0 to 8.5, providing no other oxidation-reduction system is 
present. In more alkaline solutions two factors come into play which 
make the quinhydrone electrode unreliable. One is the dissociation 
t)f the hydroquinone as an acid, and the other is the decomposition 
and oxidation of the components of the system. Since no gas phase is 
involved as it is in the hydrogen electrode, the quinhydrone electrode 
is particularly suited for certain types of biological and commercial 
work. 

Quinhydrone is a slightly soluble equimolecular complex of quinone 
and hydroquinone which dissociates into its two component parts in 
aqueous solutions and gives definite and stable electrode potentials, 
providing the temperature and pH are constant. In reality it is an 
oxidation-reduction system where quinone is the oxidant and hydro¬ 
quinone the reductant. Therefore what is actually measured in the 
quinhydrone method of pH determination is the electromotive force 
produced in this oxidation-reduction system as modified by changes 
in hydrogen-ion concentration or activity. If a metal electrode is 
placed in an acid solution (or one below pH 8.0) saturated with hydro¬ 
quinone, a potential difference is set up as a result of the reduction of 
quinone to hydroquinone by the hydrogen ions. The potential pro¬ 
duced varies ih a linear fashion with the hydrogen-ion activity of the 
solution and may be used as a pH number of the solution. A possible 
interpretation of the complete reaction is: 


o o- 



Quinone + Electrons Anion of hydroquinone + Hydrogen ions <=± Hydroquinone 


The potential (i?q.) of the saturated quinhydrone electrode is constant 
at any given temperature and pH. If the pH of an unknown solution 
is to be determined by using the quinhydrone electrode, instead of the 
hydrogen electrode, in combination with the calomel electrode, the 
following equation is used for the calculation: 

g _ ^q. — ^cal. ~~ ^obfl. 

^ , 0.00019837!r 
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where = the potential in volts of the quinhydrone electrode at the 
given temperature (T). 

JE?caL = the potential in volts of the calomel electrode used at 
the given temperature (T). 

Eoba, = the observed e.m.f. required to balance the half-cells, 
using a potentiometer. 

Table 13 shows the potential of the saturated quinhydrone electrode 
and several calomel electrodes at different temperatures. To determine 
the pH of an unknown aqueous solution at a given temperature, the 
potential values of the calomel electrode and quinhydrone electrode 
used are substituted in the equation just given, and the observed e.m.f. 
is obtained directly from the potentiometer. For example, if a deter¬ 
mination at 25°C. is desired, a saturated calomel electrode being em¬ 
ployed as the reference half-cell, then the unknown solution is saturated 
with quinhydrone and a platinum wire is immersed in it. The platinum 
wire and calomel electrode are then attached to a potentiometer set-up, 
and the two half-cells are connected by a liquid junction or agar-salt 
bridge. By adjusting the potentiometer until the galvanometer stands 
at zero, the voltage required to balance the two half-cells can be read 
directly from the voltmeter. If these values are substituted in the 
equation, the pH of the unknown can be determined at once: 

0.4530 (= 0.6992 - 0.2462) - Eoba 
- 0^5912 

It must be kept in mind that the quinhydrone electrode gives accu¬ 
rate results for hydrogen-ion activity only when no other oxidation- 
reduction system is present and when the pH values to be determined 
are below 8.0 to 8.5. 

4. The Glass Electrode and Other Electrodes. The glass 
electrode is now widely used for routine pH determinations. For the 
most part it is independent of salt and protein errors and of substances 
which poison the hydrogen or quinhydrone electrodes. In strongly 
alkaline solutions (pH 9.4 and above) the glass electrode responds 
more and more to cations other than hydrogen ions, and its potential 
is influenced by the activity and kind of these foreign cations. Sodium 
and lithium ions produce the most marked effects, although potassium 
and the bivalent cations produce slight changes. Another advantage of 
such an electrode in biological and chemical work is that the fluids 
being tested are not contaminated with quinhydrone or other chemicals 
and therefore can be used for other studies after their pH has been 
determined. In the ph 3 rsioIogical range, determinations with an accu- 
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racy of 0.05 pH may be made rapidly in unbuffered, colored, or turbid 
solutions. 

The glass electrode consists of a bulb of special glass, usually con¬ 
taining a chloride buffer with a silver chloride contact that is electri¬ 
cally connected with the amplifier-potentiometer system. Because of 
the relatively high resistance of the glass the measurement of the 
potential of a glass electrode requires the use of a sensitive amplifying 
circuit. 

When the glass electrode is immersed in the sample to be tested, it 
constitutes a half-cell, which is opposed by a calomel half-cell in the 
usual manner. This arrangement may be represented by the following 
electrochemical notation of the complete cell: 

(а) Ag AgCl Chloride Glass Unknown Saturated HgCl Hg 

buffer solution KCl solu¬ 

tion 

However, since the potential established within the glass electrode is 
constant, the complete cell (a) can be simply expressed as: 

(б) Glass Unknown Saturated Calomel electrode 
electrode solution KCl solu- or half-cell 

tion 

In the cells (a) and (b) the electrode on the right is positive. The 
double vertical lines indicate the liquid junction or bridge; the single 
vertical lines represent junctions of various phases. 

Most of the pH electrometers on the market today are equipped with 
glass electrodes of various types. For more details on the theory and 
general construction of the glass electrode Dole (1935), Macinnes 
(1939), and the instructions furnished by several commercial houses 
should be consulted. 

Numerous other metal and gas electrodes have been described in the 
literature. They are mainly of theoretical importance or have been 
devised for special purposes. 

THE EFFECT OF pH ON BACTERIAL ACTIVITIES 

Pasteur was one of the first persons to observe that microorganisms 
can develop only in media of determined reaction. “A feeble acidity,^^ 
he said, ‘‘hinders the development of bacteria and infusoria and favors, 
on the contrary, the growth of molds. Neutrality or slight alkalinity 
acts in a precisely contrary manner." 

In the study of enzymes the influence of the reaction of the substrate 
was recognized very early. In fact, in 1879 Kjeldahl published his ob- 
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TABLE 14 


Minimum, Optimum, and Maximum Reaction (pH) pob the Gbowth of 
Several Bacteria 

Reaction (pH) 


Organism 

Minimum 

Optimum 

Maximum Reference 

Myeobacterium tubereulom 

6.0 

6.8-7.2 

7.6 

Dernby (1921) 

Af. tuberctdosta 

4.0-5.0 

7.3-7.7 

7.9-8.6 

• Giesscxykiewics and Wpob* 





lewski (1927) 

Carynehacterium diphtheriae 

6.0 

7.3-7.6 

8.3 

Dernby (1921) 

C, diphtheriae 

6.3 

6.5-7.5 

8.2 

Bunker (1917) 

Nitroaomonas, species 
Nitrobacter^ species 

7.0-7.6 
6.6 

8.0-8.8 

7.6-8.6 

9.41 

10.0 j 

Nelson (1931) 

Rhizcbium leyuminoaarum 
Rhizobium japonicum 

4.9 

3.4 


11.01 
11.oj 

1 Fred and Davenport (1918) 

Bacterium radiobacter 

4.5-5.0 


11.5-12.0 Hofer (1941) 

Azotobacter chroocoecum 
Azotobacter agile 

5.8 

5.9 

7.4-7.61 

7.5~7.7i 


Yamagata and Itano (1923) 

ThiobactUua ihtooxidana 

±1.0 

2.0 2.8 

4.0-6.0 Waksman and Joffe (1022) 

TkiobacUluat species 

5.88 

7.9-8.5 

10.7 

Trautwein (1921) 

Clostridium tetani 
Clostridium sporogenea \ 

5.5 

7.0-7.6 

8.3 

Dernby (1921) 

Clostridium histolyticum 1 
Clostridium perfringens [ 

Clostridium lentoputrescens 1 

5.0-5.8 

6.0-7.6 

8.5-9.0 Dernby (1921), Dernby and 

Blanc (1921) 

Clostridium boltdinum 

5.0 

6.6-7.2 

9.0 

Dozier (1924) 

Bacteroides halosmophilus 

5.5 

7.4-7.6 

8.5 

Baumgartner (1937) 

Lactobacillus bifida* 
Lactobacillus acidophilus 

3.8-4.4 

4.0-4.6 

5.4-6.4 

5.8-6.6 

7.21 

6.8J 

1 Weiss and Rettger (1934) 

Pseudomonas aeruginosa 

5.6 

6.6-7.0 

8.0 

Dernby (1921) 

Erwinia earotovora 

5.6 

7.1 

9.3 


Erwinia aroideae 

5.3 

7.2 

9.2 


Phyiomonas campestris 

6.1 

7.4 

8.8 

Quirk and Fawcett (1923) 

Phytomonas solanacearum 

5.6 

6.7 

8.4 


Phytomonas tumefaciens 

5.7 

7.3 

9.2 


Berratia marcescens 

5.0 

6.0-7.0 

8.0 

Dernby (1921) 

Aerchacter aerogenes 

4.4 

6.0-7.0 

9.0 

Cohen and Clark (1919) 

Escherichia coli 

4.4 

6 0-7.0 

9.0 

Dernby and Nfislund (1923) 

Proteus vulgaris 

4.4 

6.0-7.0 

8.4 

Dernby (1921) 

Eberthella lyphosa 

4.5 

6.5-7.2 

8.01 

1 Dernby and Naslund (1923) 

Salmonella paratyphi 

4.5 

0.5-7.5 

8.5 J 

S. paratyphi 

4.0 

6.2-7.2 

9.6 

Fennel and Fisher (1919) 

Salmonella schottmuelleri 

4 5 

6.5-7.5 

8.5] 


Salmonella enleritidis 

5.0 

7.0-8.0 

8.5l 

Dernby and N&slund (1923) 

Shigella dysenteriae 

4 5 

6.0-7 2 

8.2 j 

Shigdla paradysenteriae 

4.5 

6.0-7 2 

8 . 2 J 


Brucella melitensis 

6.3 

6.6-8.0 

8.4 

Fennel and Fisher (1919) 

Alcaligenes fecalis 

6.4 

8.5 

9.7 

Cohen and Clark (1919) 

Paaleurella pestis 

5.0 

7.2-7.6 

9.6 

D’Aunoy (1923), Sokhey and 




Habbu (1943) 

Noguchta granulosis 

6.8 

7.8 

8.8 

Noguchi (1928) 

Vibrio comma 

5.6 

6.2-8.0 

9.6 

Fennel and Fisher (1919) 

V. comma 

6.4 

7.0-7.4 

7.9] 

1 

Staphylococcus albus 

5.6 

7.2-7.6 

8.1 

Dernby (1921) 

Diplococcus pneumoniaet 

7.0 

7.8 

8 . 3 ] 

1 

types L ll, HI 

D. pneumoniae, 

7.2 

7.8 

8.2 

Fennel and Fisher (1919) 

types 1, ll, III, IV 
Streptococcus pyogenes 

6.35 

6.4-8.5 

9.2 

Poster (1921) 

Neisseria intraedliUaris 

7.4 

7.6 

7.8 

Fennel and Fisher (1919) 

N. intracellularis 

6.1 

7.4 

7.8-8.0 Gates (1919) 

Neisseria gonorrhoeas 

6.0 

7.3 

8.3 

Dernby (1921) 

N, gonorrhoeas 

5.8 

6.8-7.4 

8.2 

Torrey and Buokell (1922' 


Yeasts Range 2.5 to 8.0; optimum usually between pH 4.0 and 5.8. 

Molds Range 1.5 to 8.6; optimum usually between pH 3.8 and 6.0. 
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servations of the function of the acidity of the medium in the action of 
the enzyme of malt. He demonstrated that, up to a definite concentra¬ 
tion, acids favored the action of the amylase enzyme on starch and 
alkalies hindered it. The classical studies on sucrase by Fembach about 
1890 revealed facts of the same order. At the time when the investiga¬ 
tions just mentioned and many others >vere carried out, the theory of 
neutrality, acidity, and alkalinity was still very vague. However, 
investigators used certain indicators to show different degrees of 
acidity; methyl violet, Congo red, and others were used to distinguish 
between ''strong’^ mineral acids and ^Sveak^^ organic acids. To Fem¬ 
bach is due the credit for introducing into biological studies a method 
which allowed an evaluation of the degree of acidity of a particular 
substrate and for demonstrating that it was necessary to determine 
the neutrality of the indicators being used to test the acidity or alka¬ 
linity. 

We now know it is not sufficient to say that molds and yeasts prefer 
acid media, whereas bacteria grow best in slightly alkaline substrates. 
Some knowledge of the hydrogen-ion activity of the particular medium 
is necessary. With modem methods of measuring pH it is possible to 
determine the effect of the hydrogen-ion concentration or activity of a 
given medium on many activities of bacteria. Growth (see Table 14) 
and the production of enzymes, toxins, and other immune substances 
are all closely associated with or dependent upon the pH of the medium 
in which bacteria are seeded. Studies have also been made which indi¬ 
cate that pH plays an important part in the ability of an organism to 
take up stain [Steam and Steam (1933)] or to be killed by disinfectants. 
The phenomenon of acid agglutination, bacterial agglutination by 
sera, hemolysin, and precipitin reactions are all governed to a certain 
extent by the pH of the substrate. In many applied fields, such as the 
food industries and the purification of water and sewage, where micro¬ 
organisms play an important role, the proper control of pH is often of 
great importance. 

BUFFER ACTION 

The buffering action of a solution means its ability to resist marked 
changes in pH through the addition or loss of acid or alkali. Thus, 
buffers may be defined as substances which by their presence in solu¬ 
tion increase the amount of acid or alkali that must be added to cause 
unit change in pH. The word buffer is the English rendering of Puffer^ 
the German translation of the term tampon (plug or bung), suggested 
by Fembach in 1900. For a general discussion of buffers and buffer 
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action the book by Clark (1928) and for additional data on the measure¬ 
ment of buffer values of various substances the paper by Van Slyke 
(1922) should be consulted. 

If 1.0 ml. of 0.1 iV HCl is added to a liter of pure water of pH 7.0, 
the resulting solution will have a pH of about 4.0. Such a solution will 
be toxic to certain bacteria. However, if the same amount of acid is 
added to a liter of meat infusion broth of pH 7.0, the medium will 
change little, if any, in pH. We can, therefore, say that pure water 
has no resistance (buffering action) to changes in pH, whereas the meat 
infusion broth does because of the salts and the amphoteric nature of 
the substances, such as peptones and amino acids, present. 

The most efficient buffers arc mixtures of weak acids or weak bases, 
in combination with their salts, and certain other amphoteric sub¬ 
stances. Primary and secondar}’^ phosphates are quite commonly 
used in bacteriological media, and it may be well to discuss how they 
buffer media. If a strong acid is added to a solution containing sec¬ 
ondary phosphates, the phosphates are changed into primary phos¬ 
phates and thus diminish the hydrogen-ion concentration of the solu¬ 
tion to which the acid is added. This may be illustrated by the re¬ 
action: 

K2HPO4 + HCl -> KH2PO4 + KCl 

Highly Slightly 

dissociated dissociate 

The reverse occurs when an alkali is added to a solution containing pri¬ 
mary phosphates: 

KH2PO4 + KOH ^ K2HPO4 + H2O 

Highly Slightly 

dissociated dissociated 

It can thus be seen that a mixture of these two phosphates will 
oppose, until their transformation is complete, a marked change in the 
pH of a medium and will tend to keep it in equilibrium. Phosphates, 
carbonates, and bicarbonates are the principal buffer salts encountered 
in biological processes, and they are of great importance in maintaining 
the correct hydrogen-ion concentration in cells and tissue fluids. All 
reactions of living protoplasm take place in buffered media. 

A buffering action takes place in a similar way in solutions containing 
the salts of other weak acids. A salt such as sodiiun acetate is a good 
example; it is almost completely dissociated in dilute aqueous solutions: 

CHsCOONa Na+ -f CHsCOQ- 
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TABLE 16 

CoMPOsmoN OF Mixtures Giving pH Values at 20 °C. at Intervals of 0.2 

[From Clark (1928)] 


KCl-HCl Mixtures 


pH 

0.2 M KCl 

0.2 M HCl 

Dilute to 

1.2 

50 ml. 

64.5 ml. 

200 ml. 

1.4 

50 ml. 

41.5 ml. 

200 ml. 

1.6 

50 ml. 

26.3 ml. 

200 ml. 

1.8 

50 ml. 

16.6 ml. 

200 ml. 

2.0 

50 ml. 

10.6 ml. 

200 ml. 

2.2 

60 ml. 

0.2 M KH 

6.7 ml 

Phthalate-HCl Mixtures 

200 ml. 

pH 

Phthalate 

0.2 M HCl 

Dilute to 

2.2 

50 ml. 

46.70 ml. 

200 ml. 

2.4 

60 ml. 

39.60 ml. 

200 ml. 

2.6 

60 ml. 

32.96 ml. 

200 ml. 

2.8 

50 ml. 

26.42 ml. 

200 ml. 

3.0 

50 ml. 

20.32 ml. 

200 ml. 

3.2 

50 ml. 

14.70 ml. 

200 ml. 

3.4 

50 ml. 

9.90 ml. 

200 ml. 

3.6 

50 ml. 

5.97 ml. 

200 ml. 

3.8 

60 ml. 

0.2 M KK 

2.63 ml. 

Phthalate-NaOH Mixtures 

200 ml. 

pH 

Phthalate 

0.2 M NaOH 

Dilute to 

4.0 

60 ml. 

0.40 ml. 

200 ml. 

4.2 

60 ml. 

3.70 ml. 

200 ml. 

4.4 

60 ml. 

7.60 ml. 

200 ml. 

4.6 

50 ml. 

12.15 ml. 

200 ml. 

4.8 

50 ml. 

17.70 ml. 

200 ml. 

6.0 

50 ml. 

23.85 ml. 

200 ml. 

5.2 

50 ml. 

29.95 ml. 

200 ml. 

5.4 

50 ml. 

35.45 ml. 

200 ml. 

6.6 

60 ml. 

39.85 ml. 

200 ml. 

5.8 

60 ml. 

43.00 ml. 

200 ml. 

6.0 

50 ml. 

45.54 ml. 

200 ml. 

6.2 

60 ml. 

47.00 ml. 

KH 2 P 04 -Na 0 H Mixtures 

200 ml. 

pH 

0.2 M KHiPO. 0.2 M NaOH 

Dilute to 

5.8 

60 ml. 

3.72 ml. 

200 ml. 

6.0 

50 ml. 

6.70 ml. 

200 ml. 

6.2 

50 ml. 

8.60 ml. 

200 ml. 

6.4 

50 ml. 

12.60 ml. 

200 ml. 

6.6 

60 ml. 

17.80 ml. 

200 ml. 

6.8 

60 ml. 

23.65 ml. 

200 ml. 

7.0 

50 ml. 

29.63 ml. 

200 ml. 

7.2 

50 ml. 

35.00 ml. 

200 ml. 

7.4 

50 ml. 

39.50 ml. 

200 ml. 

7.6 

50 ml. 

42.80 ml. 

200 ml. 

7.8 

50 ml. 

45.20 ml. 

200 ml. 

8.0 

60 ml. 

46.80 ml. 

200 ml. 


Boric Acid-KCl-NaOH Mixtures 


pH 

0.2 M HaBOr- 
0.2 M KCl 

0.2 M NaOH 

Dilute to 

7.8 

50 ml. 

2.61 ml. 

200 ml. 

8.0 

50 ml. 

’ 3.97 ml. 

200 ml. 

8.2 

50 ml. 

5.90 ml. 

200 ml. 

8.4 

50 ml. 

8.50 ml. 

200 ml. 

8.6 

50 ml. 

12.00 ml. 

200 ml. 

8.8 

50 ml. 

16.30 ml. 

200 ml. 

9.0 

50 ml. 

21.30 ml. 

200 ml. 

9.2 

50 ml. 

26.70 ml. 

200 ml. 

9.4 

50 ml. 

32.00 ml. 

200 ml. 

9.6 

50 ml. 

36.85 ml. 

200 ml. 

9.8 

50 ml. 

40.80 ml. 

200 ml. 

10.0 

50 ml. 

43.90 ml. 

200 ml. 
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If a weak acid like acetic acid is added to this solution, there will be 
a momentary increase in the hydrogen-ion concentration because of 
the slight dissociation of acetic acid: 

CH3COOH H+ + CHaCOO- 

The presence, however, of the secondary supply of negative acetate 
ions disturbs the equilibrium which exists when acetic acid dissociates. 
Thus some of the free hydrogen ions will combine at once with the 
acetate ions to form undissociated acetic acid. This reaction continues 
until a definite equilibrium is again established. Since the acid, as 
opposed to the salt, is very slightly dissociated, the hydrogen ions 
remaining active in the solution will not be sufiicient to bring about a 
marked change in the pH, with the result that the acetic acid is less 
dissociated than it would be if the sodium acetate were not present, or, 
in other words, the sodium acetate simply depresses the dissociation 
of acetic acid. If a strong acid like hydrochloric acid is added to the 
above solution, the equilibrium will again be disturbed as a result of 
the dissociation of the acid and the presence of active hydrogen ions. 
Here again the acetate ions and the active hydrogen ions will react 
to form relatively undissociated acetic acid. This reaction will con¬ 
tinue until all the acetate ions have combined with the free hydrogen 
ions liberated by the dissociation of the hydrochloric acid. If there is 
an excess of hydrochloric acid, there will not be enough acetate ions to 
take care of the free hydrogen ions liberated, and as a result the hydro¬ 
gen-ion concentration will increase and the pH will be lowered. When 
an alkali, such as sodium hydroxide, is added to the sodium acetate- 
acetic acid solution, a very similar change takes place. Since sodium 
hydroxide is almost completely dissociated in weak solutions: 

NaOH ^ Na+ + OH“ 

there will be a momentary excess of hydroxyl ions, but they will com¬ 
bine at once with the hydrogen ions liberated from acetic acid to form 
water. As we know, water is relatively undissociated in comparison 
to sodium hydroxide. 

Although buffers play a very important role in maintaining equilibria 
in cellular reactions, space does not permit further details of the theories 
which are involved. Brief mention should be made, however, of the 
use of buffer solutions in the laboratory for accurate colorimetric pH 
work. Buffer mixtures of various types, giving definite pH values, 
have been devised by several workers [see Clark (1928)]. Table 15 lists 
the composition of the Clark and Lubs mixtures which can be used for 
reference purposes. Anyone preparing these solutions for the first 
time should carefully read the discussion in the book by Clark (1928), 
since there are several important details which must be considered. 
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THE GROWTH AND DEATH OF BACTERIA 

The material in this chapter is concerned principally with the dy¬ 
namic phases of growth and death of bacteria or, simply, the rate of 
change in a bacterial population. Some of the other important aspects 
accompan3dng this change, such as respiration and metabolism, are 
also considered here. 

In spite of the fact that many complicated changes occur during 
the course of bacterial growth under favorable conditions, cellular de¬ 
velopment and reproduction seem to take place quite regularly and in 
a rather orderly fashion. In fact, it is possible to observe definite 
phases of growth, and with a reasonable d^ree of accuracy the rate of 
change can be determined as well. It is apparent, however, that in 
order to study the bacterial population cycle or to evaluate the effect 
of the physical or chemical environment on bacterial cells some method 
of estimating changes in growth must be considered. 

THE TECHNIQUE OF COUNTING BACTERIA 

Bacteria are so small that it is almost impossible to study the activity 
of a single bacterial cell, although it has been done. For the most part, 
however, bacteria are studied in masses. 

Bacteria may be counted in such a way as to determine either the 
total number of living and dead cells or the number of living cells alone. 
The first method is usually referred to as the total count and the second 
as the living or viable count The choice of one of these methods will 
depend upon the particular information desired. The use of both 
methods, which are discussed on the following pages, is usually recom¬ 
mended for making a quantitative study of bacterial metabolism or 
calculating the growth phases of a bacterial culture. 

TOTAL COUNT 

The several methods which can be used to evaluate the total number 
of bacterial cells present in a given medium may be classified as follows: 
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A. Direct count with the microscope. 

1. A stained preparation on a slide. 

2. Wrightproportional count method. 

3. Counting chamber method. 

B. Indirect count. 

1. The opacity method. 

2. Total nitrogen content. 

3. The centrifuge method. 

4. Miscellaneous methods. 

Direct Count. The technique of counting bacteria in various ma¬ 
terials by means of a microscope has been employed since the early 
days of bacteriology. This is essentially the basis of the Breed (1911) 
or Breed and Brew (1916) method for counting bacteria in milk. The 
merits of this technique have been discussed in detail by Hanks and 
James (1940) and by Wang (1941). 

1. A Stained Preparation on a Slide. This method consists of 
spreading a known volume (usually 0.01 ml. for milk) over a specific 
area (usually 1 sq. cm.) on a slide, then drying, fixing, staining, and 
examining the resulting film under the microscope. The organisms 
are counted in a given number of fields, and, by knowing the area of a 
field, it is possible to determine with considerable accuracy the total 
number of bacteria present in the original sample. This method is 
valuable, since the results arc obtained quickly, little work and appa¬ 
ratus are required, and some idea is obtained of the types of organisms 
that are present. On the other hand, it has certain disadvantages, 
one of which is that a true picture of existing conditions ma}'' not be 
given if only a few bacteria are observed on the preparation, for not 
all organisms, especially when dead, take up sufficient stain to be dis¬ 
tinctly visible under the microscope. Several other disadvantages of 
this method are discussed by Hanks and James (1940). They suggest 
the preparation of circular films and microscopic sampling along two 
diameters at right angles. Such a modification takes into account the 
concentric distribution of bacteria and minimizes the effect of abnoimal 
distribution. To reduce the error or variation between counts in the 
circular film technique, Olson and Warren (1944) have developed two 
unique mechanical devices (glass circle marker and notched knobs 
with spring stops on the mechanical stage). 

2. Wright^s Proportional Count Method. The essentials of this 
method were first worked out by Wright (1902). It consists of mixing 
a known volume of the bacterial suspension with a known volume of 
normal human blood. The mixture is spread uniformly on a slide, 



TOTAL COUNT 


95 


then dried, fixed, stained, and examined under the microscope. The 
average number of bacteria and red cells in a given number of fields is 
then counted. In the blood of the normal adult male there are about 
5 million red cells per cu. mm., and, by knowing the numerical pro¬ 
portion of the red cells to the bacteria, the number of bacteria in the 
original suspension can be estimated. The error connected with this 
technique results mainly from not being able to obtain a uniform 
distribution of the bacteria and the red cells on the slide. 

3. Counting Chamber Method. The ordinary hemacytometer can 
be employed for the direct counting of bacterial cells and is especially 
applicable for the enumeration of yeast cells. Much better results 
have been obtained, however, by using the Petroff-Hausser bacteria 
counter or the Helber chamber as adapted by Wilson (1922). As a 
rule, the organisms are examined unstained, using dark-field illumina¬ 
tion, with the high-power or oil-immersion lens. But Jennison (1937) 
and others have obtained good results by examining a formalized sus¬ 
pension of bacteria in a light field by staining with methylene blue. 
With ordinary precaution the counts should not vary by more than 
dblO per cent from the true value. In fact, Wilson (1922) estimated 
an error of about 3 per cent when dealing with a suspension of 15 
billion bacteria per milliliter. 

Indirect Count, Several methods have been proposed for the enu¬ 
meration of bacteria by indirect methods. 

1. The Opacity Method. The opacity of the bacterial suspension 
to be estimated by this method is compared with a control suspension 
of standard opacity, such as a barium sulfate solution or a bacterial 
suspension which has been previously counted. The comparison is 
made by the unaided eye or by the use of a nephelometer [Liese (1926), 
Strauss (1930)], photoelectric cell [Pulvertaft and Lemon (1933), Alper 
and Sterne (1933)], precision photometer as described by Mestre (1935), 
or a photoelectric densitometer [Longsw orth (1936)]. For the theory 
underlying this technique the reader should consult the references in 
this brief discussion. 

Figure 1, taken from the paper by Alper and Sterne (1933), show's 
that the method can be used with a considerable degree of accuracy 
if a number of technical points are kept in mind. 

Possibly the advantage of such a method wtis pointed out by Henrici 
in 1926 when he stated, ‘^Since the cells change in size while growing, 
the number of cells is not a true measure of growih, w^hich could only 
be obtained by computing the volume of the protoplasm.” If the 
opacity curve is, in a certain degree, a measure of protoplasmic mass, 
possibly it does represent a truer measure of growih than is obtained 
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by some of the actual count methods. However, Wilson (1926) 
pointed out that this method is not too well suited for accurate count¬ 
ing, since different strains of the same species and even cells of the 
same strain vary in size at different ages. Since the cells from young 
cultures are larger than those from old ones, it was found that the num¬ 
ber of organisms required to bring about a given opacity was five 
times as great in a 26-hour as in a 4-hour culture. Liese (1926), work¬ 
ing with spherical organisms, observed that the opacity is determined 



Actual count ©—® Opatiiv count x — * 

Fig. 1. The Growth of Shigella gallinarum as Measured by Different Methods. 

(From Alper and Sterne, 1933.) 

by the surface area of the cells (47rr^) and thus varies with the square of 
the radius, but Strauss (1930) doubts that the relationship is this simple. 
Undoubtedly other factors, such as volume and density, are also 
important. 

Although the method has disadvantages for enumerating bacteria, 
it is of value in standardizing bacterial vaccines, where the total 
amount of bacterial protoplasm, but not necessarily the actual number 
of cells, is of importance. 

2. Total Nitrogen Content. Rubner (1906) first employed this 
method to determine the total mass of bacteria in a culture. More re¬ 
cently Mueller (1935) has made indirect determinations of the mass of 
bacterial growth by means of a micro-Kjeldahl technique. This tech¬ 
nique has certain advantages but may be subject to some error because 
of the possibility that nitrogenous material from the medium may be 
included with the organisms or that some nitrogen may be lost if the 
cells are washed too thoroughly. 
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This procedure for estimating the growth of bacteria and yeasts has 
also been used in other studies [Hottle, Lampen, and Pappenheimer 
(1941), Porter and Pelczar (1941), and Williams (1941)]. 

3. Centrifuge Method. The details of this technique, as worked 
out by Schmidt (1926) and Schmidt and Fischer (1930), consist of 
centrifuging the bacterial suspension in a capillary tube and measuring 
the height of the column of sedimented bacteria. The number of cells 
is then estimated by calculations based on their average diameter or 
their specific gravity. This method may have some value when the 
suspension shows a tendency to clump but is undoubtedly subject to 
some serious errors. 

4. Miscellaneous Methods. The titratable acidity produced by 
bacteria, the amount of dye adsorbed, and the direct weighing [Coombs 
and Stephenson (1926)] of the mass of organisms formed have also 
been used as an index of growth by certain investigators. Others 
[see Koser and Saunders (1938)] have attempted to determine growth 
by physical means, such as conductivity and refractive index measure¬ 
ments. 

The use of vital stains for making differential counts between dead 
and living bacteria has been employed, but the technique has been 
questioned by several investigators, especially Bickert (1930) and 
Knaysi (1935). 

LIVING OR VIABLE COUNT 

The Dilution Method (Most Probable Number), This method 
was one of the first used in bacteriology to enumerate the approximate 
number of living cells in various fluids and sometimes to obtain pure 
cultures from a mixed suspension. 

The theory of the technique is based on diluting the suspension to a 
point beyond which no growth occurs. Usually several successive 
dilutions are made in saline or broth, and from each of them a number 
of tubes of liquid media are inoculated with equal quantities. After 
incubation the tubes showing growth are noted, and the probable 
number of bacteria in the original solution is calculated by formulas 
developed by McCrady (1915), Greenwood and Yule (1917), and others. 
Several modifications of the original methods have been made to suit 
individual needs, especially in routine water, sewage, and milk analyses 
and in filtrable vims work. 

In using this technique a uniform procedure should be followed, as 
suggested by Buchanan and Fulmer (1928). The dilutions should be 
prepared in a suitable nutrient liquid medium and extended so that 
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most of the tubes containing the highest dilution remain sterile after 
incubation. 

The findings are obtained by observing the number of positive re¬ 
sults secured in each set of dilutions and looking up the significant 
number in probable numbers tables. Let us explain this further by 
taking a hypothetical example, using an extended series of dilutions 
with five tubes in each, as shown in Table 1. 


TABLE 1 

Estimation of Bacteria by the Dilution Method 


Number of 


Amount of Sample Used or Dilution 


Each 

Dilution 

10 ml. 

1 0 ml. 

0.1 ml. 

0.01 ml. 

0.001 ml. 

1 


4- 

4- 

_ 

_ 

2 

-f- 

4- 

4- 

— 

— 

3 

+ 

4- 

- 

- 

- 

4 

4- 

4- 

- 

- 

- 

5 

+ 

_ 

— 

— 

— 

Total 

positives 

1 5 

4 

2 

0 

0 


+ = growth after incubation. 

— = no growth after incubation. 


By studying Table 1, it can be seen that all five tubes inoculated 
with a 10-ml. portion showed growth and that four of the tubes with 
a 1.0-ml, and two of the tubes with a 0.1-ml. sample were positive; 
the dilutions with a 0.01-ml. and 0.001-ml. portion were negative 
throughout. We next determine the significant number for our example. 
The significant number is defined as that series of figures representing 
the number of tubes in the lowest dilution in which all tubes are posi¬ 
tive, and the number of positive tubes in the next two higher dilutions. 
Thus it can be seen in our example that 542 is the significant number. 
By searching for this number in Table 2 under the heading Significant 
Number and reading directly across under the Most Probable Number 
column, the most probable number of bacteria is found to be 220 per 
100 ml, of the original sample. 

If all the tubes in the lowest dilution are not positive, then the 
figures from the first three dilutions make up the significant number. 
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For example, a set of results may be obtained like 02200, and the 
significant number will be 022. Sometimes the significant number 
will contain four figures, as 5,432. If such is the case, the last figure 
is added to the one preceding it and the significant number becomes 
545 (543 + 2), and the most probable number of bacteria per 100 ml. 
of sample will be 430. 

When all the tubes in the dilutions used show no growth or when 
all shoAV growth, the result is indeterminate and no probable number 
can be computed. All that can be said is that the most probable num¬ 
ber of bacteria is greater or less than it is possible to determine in the 
range of dilutions used; possibly a set of dilutions higher or lower will 
give a value w4iich can be computed. 

Probable numbers tables suitable for use with several dilution com¬ 
binations were first prepared by McCrady (1918) and since then by 
several investigators. Table 2 is an adaptation from the tables prepared 
by Hoskins (1934) and serves to illustrate the dilution method. For 
a more detailed account of the subject the original article should be 
consulted. The basic tables of most probable numbers, as prepared by 
McCrady (1918), Hoskins (1934), and others, may be expanded to suit 
a wide variety of dilution combinations. 

The experimental error connected with the dilution method has 
been studied by Allen (1932), Halvorson and Ziegler (1933), Gordon 
(1938), Gordon and ZoBell (1938), Dalla Valle (1941), and others. 
Using Fisher^s method of statistical analysis, Allen pointed out that, 
if the probable relative error is to be reduced to about 5 per cent, at 
least 1,000 tubes must be used for the dilutions. Halvorson and 
Ziegler found that with 40 tubes in each dilution the count may vary 
between 47 per cent above and 38 per cent belo\v the true count, and 
with only five tubes for each dilution, the figures are 260 per cent above 
and 70 per cent below. Gordon and ZoBell have evaluated the data of 
Halvorson and Ziegler and give fomiulas and figures which indicate 
that their tables must be replaced by tables of geometric mean esti¬ 
mates. For further interesting information on the dilution method of 
determining bacterial populations see the papers by Savage and Hal¬ 
vorson (1941) and Dalla Valle (1941). Dalla Valle has developed a very 
usable nomograph for determining most probable numbers per 100 nil. 
of sample portions, using three dilutions. 

The Plating Method. This technique consists essentially in pre¬ 
liminary dilution of the material, if necessary, and adding unit quan¬ 
tities of suitable dilutions to a liquefied solid medium such as nutrient 
agar. The sample is pipetted aseptically into sterile Petri dishes and 
liquefied solid media are added, or Esmarch roll-tubes are prepared 
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TABLE 2 

Most Probable Number of Organisms per 100 ml. of Sample, Using Five 
Tubes in Each of Three Dilutions in Geometric Series 

[From Hoskins (1934)] 


Simficont 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 
Probable 
Number * 

Significant 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 

Probable 

Number 

Significant 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 

Probable 

Number 

0 

0 

0 

0.0 

1 

0 

0 

2.0 

2 

0 

0 

4.5 

0 

0 

1 

1.8 

1 

0 

1 

4.0 

2 

0 

1 

6.8 

0 

0 

2 


1 

0 

2 

6.0 

2 

0 

2 

9.1 

0 

0 

3 


1 

0 

3 

8.0 

2 

0 

3 

12 

0 

0 

4 


1 

0 

4 

10 

2 

0 

4 

14 

0 

0 

5 

9.0 

1 

0 

5 

12 

2 

0 

5 

16 

0 

1 

0 

1.8 

1 

1 

0 

4.0 

2 

1 

0 

6.8 

0 

1 

1 

3.6 

1 

1 

1 

6.1 

2 

1 

1 

9.2 

0 

1 

2 

5,5 

1 

1 

2 

8.1 

2 

1 

2 

12 

0 

1 

3 

7.3 

1 

1 

3 

10 

2 

1 

3 

14 

0 

1 

4 

9.1 

1 

1 

4 

12 

2 

1 

4 

17 

0 

1 

5 

11 

1 

1 

5 

14 

2 

1 

5 

19 

0 

2 

0 

3.7 

1 

2 

0 

6.1 

2 

2 

0 

9.3 

0 

2 

1 

5.5 

1 

2 

1 

8.2 

2 

2 

1 

12 

0 

2 

2 

7.4 

1 

2 

2 

10 

2 

2 

2 

14 

0 

2 

3 

9.2 

1 

2 

3 

12 

2 

2 

3 

17 

0 

2 

4 

11 

1 

2 

4 

15 

2 

2 

4 

19 

0 

2 

5 

13 

1 

2 

5 

17 

2 

2 

5 

22 

0 

3 

0 

5.6 

1 

3 

0 

8.3 

2 

3 

0 

12 

0 

3 

1 

7.4 

1 

3 

1 

10 

2 

3 

1 

14 

0 

3 

2 

9.3 

1 

3 

2 

13 

2 

3 

2 

17 

0 

3 

3 

11 

1 

3 

3 

15 

2 

3 

3 

20 

0 

3 

4 

13 

1 

3 

4 

17 

2 

3 

4 

22 

0 

3 

5 

15 

1 

3 

5 

19 

2 

3 

5 

25 

0 

4 

0 


1 

4 

0 

11 

2 

4 

0 

15 

0 

4 

1 


1 

4 

1 

13 

2 

4 

1 

17 

0 

4 

2 

11 

1 

4 

2 

15 

2 

4 

2 

20 

0 

4 

3 

13 

1 

4 

3 

17 

2 

4 

3 

23 

0 

4 

4 

15 

1 

4 

4 

19 

2 

4 

4 

25 

0 

4 

6 

17 

1 

4 

5 

22 

2 

4 

5 

28 

0 

5 

0 

9.4 

1 

5 

0 

13 

2 

5 

0 

17 

0 

5 

1 

11 

1 

5 

1 

15 

2 

5 

1 

20 

0 

5 

2 

13 

1 

5 

2 

17 

2 

5 

2 

23 

0 

5 

3 

15 

1 

5 

3 

19 

2 

5 

3 

26 

0 

5 

4 

17 

1 

5 

4 

22 

2 

5 

4 

29 

0 

5 

5 

19 

1 

5 

5 

24 

2 

5 

5 

32 


* y^ues correct to two significant figures. 
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TABLE 2 {Continued) 

Most Probable Number of Oroanisms per 100 ml. of Sample, Using Five 
Tubes in Each of Three Dilutions in GEoaiETRic Series 


[From Hoskins (1934)] 


Significant 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 

Probable 

Number 

Significant 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 

Probable 

Number 

Significant 
Number 
Positive tubes 
with 

10 1.0 0.1 
ml. ml. ml. 

Most 

Probable 

Number 

3 

0 

0 

7.8 

4 

0 

0 


5 

0 

0 

23 

3 

0 

1 

11 

4 

0 

1 


5 

0 

1 

31 

3 

0 

2 

13 

4 

0 

2 


5 

0 

2 

43 

3 

0 

3 

16 

4 

0 

3 


5 

0 

3 

58 

3 

0 

4 

20 

4 

0 

4 


5 

0 

4 

76 

3 

0 

5 

23 

4 

0 

5 


5 

0 

5 

95 

3 

1 

0 

11 

4 

1 

0 


5 

1 

0 

33 

3 

1 

1 

14 

4 

1 

1 

21 

5 

1 

1 

46 

3 

1 

2 

17 

4 

1 

2 

26 

5 

1 

2 

64 

3 

1 

3 

20 

4 

1 

3 

31 

5 

1 

3 

84 

3 

1 

4 

23 

4 

1 

4 

36 

5 

1 

4 

110 

3 

1 

5 

27 

4 

1 

5 

42 

5 

1 

5 

130 

3 

2 

0 

14 

4 

2 

0 

22 

5 

2 

0 

49 

3 

2 

1 

17 

4 

2 

1 

26 

5 

2 

1 

70 

3 

2 

2 

20 

4 

2 

2 

32 

5 

2 

2 

95 

3 

2 

3 

24 

4 

2 

3 

38 

5 

2 

3 

120 

3 

2 

4 

27 

4 

2 

4 

44 

5 

2 

4 

150 

3 

2 

5 

31 

4 

2 

5 

50 

5 

2 

5 

180 

3 

3 

0 

17 

4 

3 

0 

27 

5 

3 

0 

79 

3 

3 

1 

21 

4 

3 

1 

33 

5 

3 

1 

no 

3 

3 

2 

24 
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[Gee (1932)]. After the medium has solidified, it is incubated under 
favorable conditions, and the number of colonies which develop are 
counted. By counting the average number of colonies per plate and 
multiplying by the reciprocal of the dilution, an estimate of the number 
of viable organisms in the original suspension can be reached with a 
fair degree of accuracy. 

Several technical points must be carefully controlled when this 
method is used. If it is necessary to make preliminary dilutions before 
plating, some attention should be given to the type of diluent used, 
since Winslow and Falk (1918, 1923), Winslow and Brooke (1927), 
and Butterfield. (1932) have demonstrated that different bacterial 
species, when exposed to different diluents, often only for a period of a 
few minutes, show a marked variation in viability. The clumping of 
cells and the counting of plates which are overcrowded with colonies 
are especially important factors which must be taken into considera¬ 
tion. For the source and measurement of errors of this method, 
Ziegler and Halvorson (1935), Wilson et al. (1935), or the article by 
Jennison and Wadsworth (1940) should be consulted. The dilution 
error and the distribution error are the main sources of variation that 
account for the total error. 

THE BACTERIAL CULTURE CYCLE 

When a given viable bacterium is inoculated into a suitable nutrient 
medium and incubated under favorable conditions, the resulting growth 
will follow a rather definite course. As a rule, it takes some little time 
before the cells, especially the older ones, begin to divide in a fresh 
medium, but once this period of adjustment is over, the rate of multi¬ 
plication increases until a maximum speed of growth is attained. 
Retarding influences, such as the lack of food or the accumulation of 
metabolic products, then soon come into play, and the cells begin to 
divide more and more slowly until growth ceases entirely. After a 
period when the number of bacteria remains almost constant the viable 
cells begin to decrease. The rate of death of the bacteria then becomes 
more rapid until it reaches a maximum, after which it slows down and 
eventually all the organisms die. If we plot the number of living cells 
in a known quantity of liquid medium against time, a characteristic 
growth curve or population cycle is obtained. 

The bacterial culture cycle or growth curve was first divided into 
four distinct parts by Rahn (1906) and Lane-Claypon (1909), but 
Buchanan (1918) believed that the life phases of bacteria were more 
complicated and further subdivided the curve, describing seven phases 
as seen in the continuous line of Fig. 2. 
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1. The latent or initial stationary phase^ a to 6, is characterized by a 
period during which there is no increase in the number of cells. In 
fact, there may even be a decrease in number. Later in the discussion 
we will refer to this phase and the lag phase as the phase of adjustment 
in a bacterial culture cycle. According to Winslow and Walker (1939), 
this term is preferable because it includes the change in numbers as 
well as all the metabolic changes which take place during the adjust¬ 
ment of the inoculated cells to a new medium. 

2. The lag phase, b to c, is a period when multiplication is slow but 
there is an increased acceleration in the growth rate. 



Fig. 2. Bacterial Growth Curves. -- Total (viable and dead) number of 

bacteria;- = number of viable bacteria. 

3. The logarithmic phase, c to d, is a period when the cells are dividing 
regularly and at maximum speed. If the logarithms of the numbers 
of organisms are plotted against time, they will fall on an ascending 
straight line, since the increase in cells is in geometric progression. 

4. The negative acceleration phase, d to e, is a time when the bacteria 
cease to multiply at a maximum rate and the number of cell divisions 
becomes less and less. 

5. The stationary phase, e to/, is a period during which the bacterial 
population remains almost constant and there is a theoretical equilib¬ 
rium between the dying cells and those that are being newly formed. 

6. The accelerated death phase, f to g, is a period when the equilibrium 
of the stationary phase is dismpted and the cells start to die more 
rapidly and pass into the next phase. 

7. The logarithmic death phase, g to h, is a period during which the 
cells are dying at a constant rate. If the logarithms of the numbers of 
organisms are plotted against time, they will fall on a descending 
straight line. Certain investigators have suggested that a better term 
for this phase would be the phase of decline, since there is some indica¬ 
tion that it is not truly logarithmic. Also, such a term would include 
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the final phase of death, when cells are found alive in a culture after 
a long period of time. This subject is discussed in more detail on 
pp. 136 to 139. 

If conditions are favorable, all these phases of growth may be ob¬ 
served, but certain environmental factors may alter the conditions and 
one stage of growth or another may be absent. For example, if young, 
actively growing cells are used as the inoculum, the initial stationary 
phase and lag phase may be so short that they are not observed, or they 
may not exist at all. For this reason the term phase of adjustment 
probably better explains these two phases of a bacterial population 
cycle. 

Also, in Fig. 2, we have plotted a hypothetical curve representing 
the total bacterial count. The total count has been considered generally 
to be somewhat higher than the viable count obtained by plating in a 
suitable nutrient medium. This difference has been studied very little 
in the past. Jeimison (1937) listed three explanations for this dis¬ 
crepancy: ‘^(1) counting errors (due to chance) involved in the two 
methods; (2) clumping; (3) variation in resistance of cells, in Avhich 
case some cells die either in culture, during the process of plating, or 
on an unsatisfactory plating medium.^' After a careful study of the 
subject Jennison came to the same conclusion as did Ziegler and Hal- 
vorson (1935) and showed that, if the clumps of cells could all be broken 
up, the plate count would be within limits of experimental error, identi¬ 
cal with the total count. Part of the discrepancy may be due to other 
factors, especially the tendency for some bacteria to die during the 
diluting and plating-out processes and the failure of certain cells to 
survive once they have been formed. 

Each of the growth phases will now be considered briefly. For a 
more thorough discussion on this subject, the references, especially 
the books by Buchanan and Fulmer (1928) and Rahn (1932) and the 
review by Winslow and Walker (1939), should be consulted. 

THE PHASE OF ADJUSTMENT AND PHYSIOLOGICAL YOUTH 

The terms period of adjustment, latent or initial stationary phase, 
lag period, and period of physiological youth have been used rather 
loosely in the literature. In the brief discussion which follows, the use 
of any of these terms, except the period of physiological youth, will 
refer to that period from the time when the inoculation is made to the 
time when the cells start to divide at a maximum rate of speed (loga¬ 
rithmic growth phase). The term physiological youth will refer to that 
relatively short span of the population cycle when the cells are in the 
so-called late lag phase and/or the very early logarithmic phase of 
growth. 
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It is qiiite generally accepted that, when a bacterium is inoculated 
into a fresh medium, a period of time elapses before there is any decided 
increase in the total number of cells present. Therefore, the first por¬ 
tion of the population cycle may be characterized by a stationary or, in 
some cases, by a slightly decreasing population. This period is most 
apparent when a suspension of spores is used as the inoculum. In fact, 
Esty and Meyer (1922), Burke (1923), and Burke, Sprague, and Barnes 
(1925) found that, when heated cultures of several spore-forming organ¬ 
isms were planted in a favorable medium, they may lie dormant for 
weeks before germination. This phase is not restricted to spore-forming 
bacteria, however, since it has 
been brought out by several 
workers [Lane-Claypon (1909), 

Penfold (1914), Chesney (1916), 
and others] that old cells may be 
at times in a relatively dormant 
stage. 

The effect of the age of the 
parent culture on the phase of 
adjustment can be seen very 
clearly in Fig. 3, adopted from 
the work of Chesney (1916). His 
work shows the growth curve of 
a parent culture (P) of pneumococcus and subcultures at different 
intervals during growth. The subculture (P) made during the early 
phase of the population cycle showed no immediate growth when 
transferred to a suitable medium. The subculture (C) made during 
the so-called lag phase (later stage of the phase of adjustment) showed 
a slight growth in 2 hours, whereas the subcultures (D, P, and F) taken 
during the so-called logarithmic phase showed no lag but grew at once 
in the fresh medium and at a rate parallel to that of the parent culture. 
Later on in the population cycle the subcultures (G, //, and I) from 
the older cells exhibited the phenomenon of lag but did show a slight 
growth. 

The separation of the initial stationary phase and the lag phase was 
first suggested by Buchanan (1918). Although the division of the two 
phases is not made by many investigators, it is probably warranted 
when the first is prolonged over a long period of time, as it may be when 
dormant cells or spores are used as an inoculum. 

The first description of the lag phase in a favorable medium was made 
by MtUler (1895), who made calculations using the formula introduced 
by Buchner, Longard, and Riedlin in 1887. Muller showed that the 
time required for one cell to divide into two (generation time) increased 



Fig. 3. Growth Curves of Parent Cul¬ 
ture (P) and Subcultures (B to /) of 
Pneumococcus, Type I, in Broth at 
38^^ C. (From Chesney, 1916.) 
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with the age of the primary culture used for inoculating the medium 
in which the generation time was measured. For example, when he 
inoculated typhoid bacilli from a 2^- to 3-hour parent culture into a 
fresh medium, the cells completed one generation in 40 minutes, 
whereas those from a 6j-hour culture gave a generation time of 85 
minutes, and those from a 14- to 16-hour culture required over 160 
minutes for one complete generation. This early work by Muller was 
the stimulus for extensive studies on the so-called lag phase by Rahn 
(1906), Penfold (1914), Chesney (1916), Buchanan (1918), Sherman 
and Albus (1924), Lodge and Hinshelwood (1943), and others. 

Lcdingham and Penfold (1914) and Slator (1917) have formulated 
mathematical expressions for the multiplication rate during the lag 
phase of the population cycle. Some workers, however, have ques¬ 
tioned the validity of such an analysis because of the fact that during 
this period of adjustment, according to circumstances, there may be a 
decrease followed by an increase or a gradually accelerating increase 
in the number of viable cells. 

Factors Influencing the Phase of Adjustment. Several factors 
have been reported as affecting the period of adjustment of bacterial 
cells when they are introduced into a fresh medium. The four most 
important will be briefly discussed below. 

1. Inoculum. The nature of the inoculum used has a considerable 
influence on the earlier phases of the bacterial culture cycle. 

а. Number of Organisms in the Inoculum, The quantity of the inoc¬ 
ulum, as stated by Rahn (1906), has an influence on the period of 
adjustment of an organism when it is transferred to a fresh medium. 
In brief, Rahn believed that a larger quantity of inoculum shortened 
the period of adjustment. In 1914 Tenfold made a complete study of 
bacterial lag and could not confirm in whole the findings of Rahn. 
More recently, however, Herrington (1934) has expressed by an equa¬ 
tion the relationship between the inoculum and the time for turbidity 
to develop in a liquid culture medium. From this work it seems that 
the lag phase is a linear function of the logarithm of the inoculum. 

If the nutrients and gaseous tension in a medium are optimum for 
development of the cells, the quantity of the inoculum may be of less 
importance than has been previously believed. This subject is dis¬ 
cussed in more detail on pp. 108 to 109. 

б. Stage of Growth and Age of ike Inoculum. The age of the parent 
culture has considerable bearing on the adjustment of an organism to 
a fresh medium. For non-spore-forming bacteria the age of the inocu¬ 
lum follows, as a general rule, the curves of the subcultures in Fig. 3. 
It will be observed that those subcultures prepared during the various 
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changes in the population cycle follow the growth of the parent culture. 
It is of special interest to note that those subcultures (D, Ey and F) 
made during the most rapid period of growth showed no observable 
delay in rate of multiplication. Similar observations have been made 
by Coplans (1910), Penfold (1914), and others. As we have stated, 
spores may show an extended lag period if they are in a dormant stage, 
but do not always do so. 

Graham-Smith (1920) demonstrated that the adjustment phase was 
shorter when the inoculum was from bacteria which had been fre¬ 
quently subcultured than from those in which few previous subcultures 
had been made. 

c. Ndture of the Organism Used as the Inoculum. Various bacteria 
show an inherent difference in their ability to initiate active growth 
and to develop at a maximum rate of speed in a favorable medium. 
The members of the coliform group and some of the thermophilic 
bacilli recpiire a relatively short period of time to make the adjustment 
and develop very rapidly, whereas organisms of the genera Coryne- 
bacterium and Mycobacterium develop more slowly. The genus Nitrch 
bacter and related organisms are probably the slowest of all to divide, 
according to Mason (1935). 

2. Nature of the Medium, With a favorable medium a bacterium, 
as a rule, will quickly adapt itself to the new environment, and conse¬ 
quently the phase of adjustment will be shortened. The lag period 
may be prolonged for some time in a medium which is not optimum 
for growth, but in a number of such cases the organisms are able even¬ 
tually to bring about the proper adjustment, either in the medium 
or in their cells, and to initiate some growth. 

Sometimes the period is different in two or more media, even though 
the parent culture is growing favorably in each. To illustrate this point 
we can take the experiments of Coplans (1910) and Penfold (1914), in 
which they have shown that a subculture of a dulcitol-peptone broth 
culture of Escherichia coli onto dulcitol-peptone broth gives a longer lag 
than a subculture of a peptone broth culture of the same species onto 
a peptone broth, even though the parent cultures were the same age. 
Winslow, Walker, and Sutermeister (1932) have noted in E. coli a 
difference of 6 houm in the lag phase between peptone broth and a 
synthetic medium, the synthetic medium showing the longer lag. 
It is of interest to note, however, that the lag phase of certain bacteria 
in synthetic media may be reduced by the addition of small amounts of 
such nutrients as glucose and asparagine [see Lodge and Hinshelwood 
(1943)1. 
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3. Temperature op Incubation. Very few data seem to be avaU* 
able on the effect of temperature on the initial period of adjustment. 
It can probably be assumed that, if a medium is incubated at the 
optimum temperature for the growth of the particular organism, the 
lag period will be greatly shortened. 

The data presented by Muller (1903) for several bacterial species 
indicate that lowering the temperature of incubation lengthens the 
period of adjustment, and similar results have been observed by Pen¬ 
fold (1914), working with E, colL A study by Anderson and Meanwell 
(1936), using a streptococcus cultured in milk, showed a lag of one- 
half hour at 42°C., 1 hour at 37°C., 2 hours at 30® and 26®C., and 3 
hours at 20®C. 

Sudden changes in the temperature have an interesting influence 
on bacterial growth and may be mentioned here. During the period 
between lag and the very early part of logarithmic growth sudden 
cold shock has but slight initial effect upon the cells, whereas a marked 
sensitivity to cold shock extends throughout the entire logarithmic 
phase of growth. Mature cells are not appreciably affected by either 
an initial cold shock or prolonged holding at 0®C. 

4. Effect of Carbon Dioxide. The effect of carbon dioxide on the 
growth of bacteria has been fully reviewed by Valley and Rettger 
(1927), Valley (1928), and Hes (1938). Valley and Rettger studied the 
effect of carbon dioxide on one hundred different organisms represent¬ 
ing different families and genera of bacteria. The removal of carbon 
dioxide from an environment which was otherwise favorable for the 
development of bacteria resulted in the complete cessation of growth. 
When small amounts of carbon dioxide were added to the natural 
atmospheric environment, bacterial action and growth were often 
increased, especially with Brvcella abortus and Lactobacillus cwidophilus. 
Valley and Rettger came to the conclusion that carbon dioxide is 
necessary for the growth and development of both aerobic and anaero¬ 
bic bacteria. Since that time several reports [see Walker (1932), Glad¬ 
stone, Fildes, and Richardson (1935), Levine (1936), and Rahn (1941)] 
have appeared which cannot be covered in detail here. The data accu¬ 
mulated on this subject indicate that bacteria cannot divide until the 
concentration of carbon dioxide, either in the medium or in the Cells, 
reaches a certain level. Walker (1932) regarded the lag phase as the 
time necessary for this level to be reached. The production of an 
optimum concentration is determined by the rate of respiration of the 
organisms, balanced by the rate of removal of the carbon dioxide, 
which normally occurs by diffusion and chemical combination. Any 
factor affecting either of these processes will in turn affect growth. 
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Rahn (1941) has demonstrated that bacteria need carbon dioxide 
not only during the lag phase for purposes of rejuvenation but also 
during the period of active growth. 

The role played by carbon dioxide in stimulating the growth of 
bacteria is at present not clearly understood. Whether it acts as a 
stimulant to cell division as a proceas apart from growth, whether it is 
a factor in protoplasmic synthesis, or whether it has some other function 
awaits further study. However, according to the classical studies 
by Wood and Workman (1936 to 1940), certain organisms actually 
use the carbon dioxide in their metabolism. For example, a fourKiarbon 
chained acid, such as succinic, may be synthesized from carbon dioxide 
and a three-carbon compound. 

Theories Advanced to Explain the Phase of Adjustment* The 

phenomenon of bacterial lag or adjustment has been the subject of 
much study, and several workers have suggested theories to explain 
this period at the beginning of the growth curve. Several of the more 
important of these theories may be briefly mentioned. 

1. Theory op Cell Secretion. Rahn (1906) suggested that the 
optimum growth of a bacterium could be attained only when some 
heat-stable, nonfilterable substance formed by the cells themselves 
had been secreted into the medium. This theory has been pretty much 
disregarded in the past because of the fact that actively growing cells 
show no lag, whereas cells taken from a culture which has stopped 
growing have a lag phase. This information led Chesney (1916) and 
others to conclude that the cause of the lag is in the cell itself, not in 
the medium. Lodge and Hinshelwood (1943), however, have demon¬ 
strated that during the early lag phase a diffusible substance appears 
in the solution; it may be transferred with inocula or with sterile 
filtrates and reduce lag in fresh media. 

2. Theory of Essential Intermediate Cell Constituents. The 
hypothesis put forward by Penfold (1914) suggests that some of the 
constituents of bacterial protoplasm are synthesized in steps. Thus, 
when an organism is transferred to a fresh medium, these intermediate 
compounds diffuse out of the cells into the medium. Before growth can 
occur, these bodies again have to be synthesized and accumulate in 
optimum proportion within the bacterial cells. Rettger (1918) sug¬ 
gests that lag in culture media may be decreased or eliminated by 
supplying ‘^satisfactory substitutes for the intermediate bodies in the 
form of amino acids and perhaps amines of simple composition, and 
also certain growth-accessory substances.’’ 

3. Theory op Biological Selection. This theory was put forward 
by Ledingham and Penfold in 1914. Their hypothesis was based on 
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the supposition that a given inoculum consists of cells which have 
‘^individually different powers of growth.’^ Thus during the lag phase 
the more rapidly growing cells would predominate, and the phenome¬ 
non of selection would be taking place, since those cells endowed with 
the power of rapid multiplication would increase more rapidly than the 
weaker cells. Kelly and Rahn (1932) and others have attempted to 
prove this theory with experimental data, but they have not been too 
successful. The studies of Kelly and Rahn consisted of direct micro¬ 
scopic observations of more than seventeen hundred individual cells of 
bacteria and yeasts inoculated on a solid medium. The “family tree^' 
of individual cells was studied for four generations. They observed 
considerable variation in the rate of growth of individual cells, but 
it was not inherent. Cells which divide rapidly for one generation 
tend to slow up during the next generation, whereas those which divide 
slowly for one generation separate quickly the next. Thus, once cells 
start to divide, it seems as though they continue to do so at a rather 
average rate, and one strain does not supersede another. 

4. Theory of Cellular Injury or Shock. Chesney (1916) re¬ 
garded the occurrence of bacterial lag as “an expression of injury which 
the bacterial cell has sustained from its previous environment.^^ His 
work was done with the pneumococcus, and he noted that a toxic sub¬ 
stance was formed during growth which tended to poison some of the 
cells. The greatest concentration of this noxious substance was present 
at the end of the logarithmic phase but decreased when cultures were 
incubated for a longer period of time. Thus some of the cells were being 
poisoned by their own metabolic products. When a fresh subculture 
was prepared, some time was required for the cells to recover entirely 
from the poisonous effects encountered in their previous environment. 
This time of recovery was considered the period of lag. 

The work of Chesney is very interesting in the light of our present 
knowledge of the respiratory mechanism of the pneumococcus. To 
illustrate this point we may mention the work by McLeod and Gordon 
(1922, 1923) and Avery and his coworkers [Avery and Morgan (1924), 
Neill and Avery (1925)]. They have shown that pneumococci produce 
hydrogen peroxide in sufficient amounts to exert a toxic action when 
other bacteria are added to the culture medium of these hydrogen 
peroxide-producing cells. Besides being toxic to pneumococci, hydro¬ 
gen peroxide is also volatile, a fact which would tend to account for 
the diminution of the toxic action on prolonged incubation which 
Chesney noted. That the shock theory cannot be of general application 
to other bacteria is made clear by the studies of Broom (1929) and 
Barnes (1931). These investigators tried to demonstrate growth-in- 



PHASE OF ADJUSTMENT AND PHYSIOLOGICAL YOUTH 111 


hibiting substances in cultures previously inoculated with staphy¬ 
lococci and coliform bacilli, hoping to prove or disprove the toxic- 
cellular theory of Chesney. Since they failed to confirm this theory 
with bacteria other than pneumococci, the inference is that Chesney^s 
work is of value only in explaining the lag phase of the pneumococcus 
and a few other bacterial species. 

5. Theory op Stimulation by Carbon Dioxide. A more recent 
explanation of the occurrence of bacterial lag is that offered by Walker 
(1932). He wrote, “The phenomenon of lag under certain conditions 
can be explained very simply as the period needed to build up the con¬ 
centration of CO 2 in the environment—or in the cell—to a value 
essential for growth.For further information on the role played by 
carbon dioxide in bacterial metabolism the interesting papers by Wood 
and Workman (1940) and Workman and Wood (1942) should be con¬ 
sulted. 

None of these five theories is supported by suflScient experimental 
data to allow its acceptance without reservations. Probably the true 
explanation of the phenomenon of lag or adjustment which a bacterial 
culture undergoes when transferred to a fresh medium will consist of 
parts of several of these theories. 

During the early stages of the phase of adjustment cells have the 
following general properties: (1) low multiplication rate [Rahn (1906), 
Lane-Claypon (1909), Coplans (1910), Penfold (1914)]; (2) relatively 
small size [Clark and Ruehl (1919), Bayne-Jones and Sandholzer 
(1933)]; (3) low biochemical activity [Martin (1931-1932), Mooney and 
Winslow (1935), Huntington and Winslow (1937)]; (4) rather high 
resistance to unfavorable conditions [Sherman and Albus (1924), 
Elliker and Frazier (1938)]; and (5) relatively high electrophoretic 
mobility [Moyer (1936)]. Near the end of the lag phase, however, the 
process of adjustment is completed, and the cells pass into a phase of 
physiological youth characterized by active metabolism, ready adap¬ 
tion of certain enzymes to new substrates, lowered resistance to un¬ 
favorable agents, and rapid increase in cell mass, with, however, delayed 
cell division at first. Sufficient data are now available on these points 
which characterize the phase of physiological youth so that a brief 
discussion of them is warranted. 

Biochemical Changes during the Phase of Physiological 

Youth. Several older studies indicated that cell metabolic activity 
was high during the early phases of the culture cycle, but these results 
were not computed on the basis of cell numbers. 

Bayne-Jones and Rhees (1929) were probably the first investigators 
to present actual data on metabolic activity per cell per hour at different 
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periods of the culture cycle. They studied heat production in cultures 
of Escherichia coli and Staphylococcus aureus. Their most interesting 
results were obtained when E, coli was cultivated in peptone broth. 
The gram-calories of heat produced per cell in this case were 60 X 10^^^ 
at 1 hour, 198 at 2 hours, 130 at 3 hours, and 75 at 7 hours. Their 
other results indicated the same general relationship. 

Similar interesting data for oxygen consumption are also available. 
Burk and Lineweaver (1930), working with Azotohacter, showed that 
the rate of oxygen consumption per unit rate of increase in cell numbers 



Fig. 4. Bacterial Counts and Cumulative Yields of Ammonia Nitrogen and 
Carbon Dioxide in Aerated Peptone Broth. = Bacterial count; — cumu¬ 
lative NHa — N;-- cumulative CO 2 . (From Walker, Winslow, Huntington, 

and Mooney, 1934.) 

was greater during the first 9 hours of the culture than it was during 
the ninth to twelfth hours. Eaton (1931), using staphylococcus cul¬ 
tures, reported the highest respiration rate occurred during the first 
hours of the culture cycle. Gerard and Falk (1931) presented 
quantitative data for Sarcina lutea. They computed a consumption 
of 6.5 cu. mm. of oxygen per milligram of dry weight of culture for the 
early stages of the population cycle, as compared with 2.6 cu. mm. 
during the phase of stable maximal population. Although Martin 
(1931-1932) did not compute rates per cell, he did note that the rate 
of oxygen consumption by Escherichia coli reached a peak between 
30 and 90 minutes, whereas cell size was greatest at 60 to 120 minutes. 
Similar data on the oxygen consumption by several bacterial species 
have been computed by Greig and Hoogerheide (1941). 
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More complete information on biochemical activity during the pha^e 
of physiological youth is available in regard to carbon dioxide pro¬ 
duction. Several examples may be cited to illustrate this point. 
Walker and Winslow (1932), working with E. coli, reported 41 to 186 
mg. X 10""^^ CO 2 per cell per hour formed in the late lag period, 
against less than 2 mg. X 10“^^ for the close of the logarithmic phase. 
Walker, Winslow, Huntington, and Mooney (1934), using the same 
organism and various media, found maximal production of CO 2 (117 
to 123 mg. X 10~^^ per cell per hour) during the second hour of the 
population cycle (late lag and early logarithmic phase), falling to 16 
to 22 mg. X lO”^^ after 5 hours (beyond the close of the logarithmic 
phase). Some of their data on the cumulative yields of NH 3 and CO 2 
in relation to the bacterial count are shown in Fig. 4. Mooney and 
Winslow (1935) included Salmonella gaUinarum and Salmonella pullo- 
rum in their study and likewise noted a high peak of metabolic activity 
during the late lag and early logarithmic period. This high point is 
shown very well in one example taken from their paper. A relatively 
long period of adjustment was characteristic for S, pullorum in glucose- 
peptone broth (Table 3). However, the CO 2 production increased 
gradually until a peak was reached during the period of physiological 
youth and then gradually declined. 

Since these high rates of CO 2 production during the period of physi¬ 
ological youth might be due in part to the larger size of the cells, Hunt¬ 
ington and Winslow (1937) computed their data in terms of CO 2 pro- 

TABLE 3 

Relationship between Age, Number, and Carbon Dioxide Production by 

Salfnonella pullorum 

[From Mooney and Winslow (1935)] 



Bacteria in 

CO 2 Production 
per Cell per 
Hour in 


Glucose-Peptone 

Glucose-Peptone 

Age of Culture, 

Broth, 

Broth, 

hours 

raillions/ml. 

mg. X 10“^^ 

1 

11.7 

6 

2 

10.0 

30 

3 

13.0 

33 

4 

16.2 

99 

5 

38.9 

114 

6 

70.3 

96 

7 

320.2 

57 

8 

603.4 

26 

9 

706.8 

17 

25 

331.7 

8 
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duction per cubic micron of bacterial cell substance, using Escherichia 
coliy Salmonella gallinammy and Salmonella pullorum in their study. 
They found that maximum values for the late lag and early logarithmic 
phases ranged from 86 to 216 X 10~^^ mg. of CO 2 per cubic micron of 
cell substance, whereas for the phase of stationary maximum popula¬ 
tion the corresponding figures varied from 5 to 19. 

The liberation of ammonia-nitrogen is another type of metabolic 
activity associated with the period of physiological youth. Here the 
question may be raised whether the lower values reported for NH 3 - 
nitrogen liberation in the later growth phases may not be due to more 
rapid utilization rather than to a lessened rate of production. This 
question cannot be categorically answered, but the close parallelism 
between NH 3 liberation and CO 2 liberation suggests that both are 
examples of the same phenomenon. Two examples may be cited of 
this parallelism. Walker and Winslow (1932) determined the rate of 
NH 3 production for E, coliy in the lag phase in different media, as 6 to 
36 mg. X 10“^^ per cell per hour; the corresponding figure for the phase 
of maximum population was 0.2 mg. X 10*~^^ or less. Walker, Wins¬ 
low, Huntington, and Mooney (1934) reported that at 1^ hours (late 
lag phase) the NHa-nitrogen yield varied in different media from 26 
to 50 mg. X 10~^^ per cell per hour, whereas after 5 hours (post- 
logarithmic phase) the values fell to 3 mg. X 10”"^^ or less. 

A fifth measure of biochemical activity, for which a little similar 
evidence is available, is acid production. Stark and Stark (1929) 
found the rate of fermentation of E. coli to be 4.6 X 10““^^ mg. per 
cell per hour for young cells and 0.9 for old cells. A somewhat similar 
relationship for fermentation by Streptococcus lactis was reported by 
Rahn, Hegarty, and Deuel (1938). 

A sixth interesting point which can be mentioned under the metabolic 
activities of bacteria in relation to growth phases is the elaboration of 
soluble capsular polysaccharides. For example, Bukantz, Cooper, 
and Bullowa (1941) found that pneumococcus, type III, produced 
174 X 10“"^^ mg. of soluble capsular polysaccharide per cell per hour 
during the phase of physiological youth; later, during the phase of 
maximal stable population, only 1.0 to 8.4 X 10”^^ mg. was produced. 

The metabolic activity of bacterial cells during the various phases of 
growth has been fully reviewed by Winslow, Walker, and Sutermeister 
(1932), Walker, Winslow, Huntington, and Mooney (1934), Clifton 
(1937), Winslow and Walker (1939), and Bukantz, Cooper, and Bullowa 
(1941). 

Adaptive Enzyme Formation during the Phase of Physiologi¬ 
cal Youth* For some time it has been known that old cells adapt 
themselves very slowly, if at all, to certain substrates, while young, 
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growing cultures seem to produce specific new enz 3 anes quite easily. 

In 1930 Karstrom differentiated bacterial enzymes into two main 
groups: (1) the ‘^constitutive'' enzymes, those which are always formed 
by the cells of a given species, irrespective of the composition of the 
medium; (2) the ''adaptive" enzymes, those which are produced as a 
specific response to the presence of the homologous substrate in the 
culture medium. 

Hegarty (1939) tested cells of Streptococcus lactis of various ages to 
determine the stage of growth during which new "adaptive" enzymes 
are most easily manufactured. One of his experiments may be cited 
(Table 4) to show that the most rapid adaption to a new sugar is always 
observed with cells from cultures just coming out of the lag phase, 
during the so-called period of physiological youth. The data in Table 4 
show that, when cells are taken from a glucose broth culture 1 hour 
after being inoculated (late lag phase) and placed in galactose, lactose, 
and sucrose, they will begin to form lactic acid after 1.5, 8.0, and 0.5 
hours, respectively. During the logarithmic phase (2 to 5 hours) 
adaptibility decreased rapidly and continuously. Also of interest is 
the fact that adaption seems to vary with the kind of sugar, since the 
formation of lactase requires more time than that of galactozymase. 
However, this difference may be related to the susceptibility of the 
cell to harmful agents. 

For further interesting information on the nature and production 
of adaptive enzymes by bacteria consult the papers by Karstrom 
(1937-1938), Rahn (1938), Dubos (1940), and the references listed by 
these authors. 


TABLE 4 

Delay (Hours) before Adaption Occurs by Streptococcus lactis Cells of 
Various Ages Grown in Glucose Broth 


[From Hegarty (1939)] 


Age of Time Required for Adaption When Placed in 


Cells, 

Glucose, 

Galactose, 

Lactose, 

Sucrose, 

hours 

hours 

hours 

hours 

hours 

1 

0 

1.5 

8.0 

0.5 

2 

0 

3.0 

9.0 

0.0 

3 

0 

7.0 

16.0 

0.0 

4 

0 

9.0 

16.0 

1.6 

6 

0 

13.0 

20.0 

3.0 

8 

0 

13.0 

20.0 

4.0 

10 

0 

13.0 

20.0 

4.0 

36 

0 

18.0 

29.0 

8.0 
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Morphological Changes during the Phase of Physiological 
Youth. Experimental studies on the morphology of bacteria have 
provided convincing evidence that the cells of early generations de¬ 
veloping in a fresh, favorable medium are quite different from those of 
generations developing after the period of maximum multiplication. 

Measurements of bacterial cells indicate that individuals of a large 
number of species increase in size during the early hours of culture 
growth but soon decrease to approximately their original size. This 
change in morphology almost parallels the increase in metabolic 
activity which characterizes the phase of physiological youth. 

Clark and Ruehl (1919) were among the first to study the change 
in size of bacteria at different times during the culture cycle. Using a 
micrometer, they measured 70 strains of organisms, representing 37 
different species, at intervals during their growth. In all instances, 
with the exception of members of the diphtheria group and Malleomyces 
malleiy they found that the cells in cultures from 4 to 9 hours old were 
much larger than those in cultures 24 hours old. They stated that the 
change in size of the cells was sometimes so great ^^as to render the 
organisms unrecognizable when viewed by the ordinary standards of 
the 24-hour culture.’^ 

Extensive studies of this phenomenon were made by Henrici between 
1921 and 1928. For many interesting data and the details of his 
technique, his book. Morphologic Variation and the Rate of Growth of 
Bacteria, should be consulted. Briefly, however, he noted that cells 
of Escherichia coli grown on agar increased in length from 1.5 m to 4.0 /x 
in the first 3 hours after inoculation and subsequently declined in size. 
Bacillus megatherium increased in length from 3.4 to 9.1 /x in the 
first hours and to 19.8 /x in 5§ hours after seeding. The organism 
at 3§ hours had not yet entered the logarithmic phase of growth. 

Adolph and Bayne-Jones (1932) and Bayne-Jones and Adolph 
(1933) obtained very accurate records with motion photomicrography 
of changes in the size and rate of growth of individual cells of E. coli 
and B. megatherium cultivated on agar. With E. coli it was found that 
the mean rate of growth in volume of individual cells reached a maxi¬ 
mum 60 minutes after inoculation of the medium and then declined 
rapidly, whereas the mean rate of reproduction did not reach a peak 
until 2 hours after the inoculation. Maximum cell volume was greatest 
at 90 minutes and thereafter diminished progressively; the cells ob¬ 
served at the end of the experiment were only one-fifth the size of those 
seen at first. 

Huntington and Winslow (1937) have reported data which give addi¬ 
tional support to the conclusion that increase in cell size precedes the 
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logarithmic phase of multiplication. They studied three of the charac¬ 
teristics of physiological youth, using cultures of E. colt, Salmonella 
gallinarum, and Salmonella pullorumy and found them to exhibit a 
definite and orderly relationship. First the metabolic activity started 
to increase, followed by an increase in cell volume and then by cell 
division rate. Once the peak had been reached, cell volume and meta¬ 
bolic activity decreased, but the rate of cell division continued high 
for a period of several hours. The greatest reproductive activity 
came 1 to 5 hours after the peak of cell size (Table 5). 

TABLE 6 

Relationship between Cell Size, Metabolic Activitt, and Rate of Cell 

Multiplication 


(From Huntington and Winslow (1937)] 


Organism and 

Time of Maximum Activity, hours after 
inoculation 

Metabolic Rate of Cell 

Medium 

Size of Cells 

Activity 

Multiplication 

Escherichia coli 

Peptone 

2 

2 

4 

Peptone-glucose 

2 

2 

3 

Salmonella gallinarum 

Peptone 

3 

4 

5 

Peptone-glucose 

3 

4 

6 

Peptone-lactose 

3 

5 

7 

Salmonella puUorum 

Peptone 

4 

2 

9 

Peptone-glucoses 

4 

5 

7 

Peptone-lactose 

3 

3 

7 


In regard to changes in cell size and the period of adjustment the 
work of Hershey and Bronfenbrenner (1938) and Hershey (1939) is 
very interesting and sheds further light on this subject. They have 
reported results for E. coli which indicate that the age or phase of 
growth of the cells is not one of the factors influencing their rate of 
growth. Calculations of growth rates were deduced from measure¬ 
ments of turbidity, bacterial nitrogen, and oxygen uptake of broth 
transplants of E, coli, and in all cases identical values were observed, 
irrespective of the age of the inoculum. The same relationship does 
not exist, however, for the rate of multiplication. In explanation of 
this difference Hershey states: 

The paradox that old and young bacteria may exhibit identical growth rates, 
while differing markedly in rate of multiplication, is to be explained only by 
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consideration of average cell-size. Growing at the same rate, the smaller bac¬ 
teria from old cultures require a longer time (‘‘lag'O to reach the size at which 
fission occurs in freshly seeded broth, than do young bacteria of greater ini¬ 
tial size. 

Thus the lag in rate of multiplication must be attributed to changes 
in the environmental factors limiting the size at which fission occurs 
during the period of growth, and not to any peculiarity inherent in the 
bacterial cells. 

Change in Resistance of Cells to Unfavorable Agents during 
the Phase of Physiological Youth. Another important character¬ 
istic of the large, actively metabolic cells of the phase of physiological 
youth is their reduced resistance to certain harmful physical and 
chemical agents. 

The biological importance of this characteristic was first emphasized 
by Sherman and Albus (1923, 1924), who studied the effect of heat, 
cold, and weak disinfectants on bacteria at different ages. Their work 
indicates that bacterial cells during the early part of the lag period are 
less sensitive to slightly toxic salts and other inimical agents than are 
the organisms of the late lag and early logarithmic phase of growth. 
For example, they cultivated a strain of Escherichia coli in 1 per cent 
peptone broth for 1 week at room temperature to obtain old cells and 
then made a transfer to a fresh flask of the same medium, which was 
incubated at 37 °C. Plate counts were made at frequent intervals. 
At the same time 1 -ml. portions of the culture were transferred to 
100 ml. of 5 per cent sodium chloride solution and held at 20°C. for 

1 hour, after which a plate count was made on the salt solution and 
the number of cells calculated in terms of the 1 ml. of the broth culture 
added. The results of two of their experiments, using 5 per cent NaCl 
solution, are given in Table 6 . 

From the data in Table 6 it can be seen that, immediately after 
inoculation from an old culture and for a period of about 1 hour there¬ 
after, the bacterial cells were not very susceptible to the action of the 
5 per cent NaCl solution. However, once the cells of E. coli entered 
the phase of physiological youth ( 1 ^ to 2 hours), destruction of the 
organisms increased to a marked degree when they were subjected 
to the same treatment. The mortality in Experiment A was 14.06 per 
cent at the beginning and 92.94 per cent at the end of 2^ hours of 
growth, and in Experiment B 0 per cent, as against 68.37 per cent after 

2 J hours. Sherman and Albus interpret this result as indicating that 
during the period of lag the old bacteria which have been used as an 
inoculum are undergoing a process of ‘‘biologic rejuvenescence” which 
fits them for reproduction. 
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TABLE 6 

Effect of 5 Per Cent NaCl Solution on Escherichia coli during the Early 

Phases of Growth 

[From Sherman and Albus (1924)] 


Time, 

hours 

Experiment A 


Experiment B 


after 


After 1 



After 1 


inocu- 

Original 

Hour in 

Mortality, 

Original 

Hour in Mortality^ 

lation 

Culture 

6% NaCl 

% 

Culture 

5% NaCl 

% 

0 

96,000 

82,500 

14.06 

70,500 

70,000 

0 

1 

80,500 

60,500 

24.72 

75,500 

62,000 

17.88 


90,500 

41,000 

53.59 

72,000 

42,000 

41.66 

ij 




89,000 

37,000 

58.42 

2 

143,000 

33,000 

76.22 

108,000 

40,500 

62.50 

2i 




158,000 

50,500 

68.37 

2| 

225,000 

16,500 

92.94 





The effect of heat on bacteria at different ages has been studied by 
a great many workers [see Winslow and Walker (1939)]. The early 
study by Schultz and Ritz (1910) is particularly interesting and illus¬ 
trates this subject very well. These investigators, using coliform 
bacilli, exposed cultures of various ages to heat treatment at 53 ®C. 
for 25 minutes. In a 20-minute culture approximately 5 per cent sur¬ 
vived such treatment. In a 50-minute culture (still in late lag phase) 
1 per cent survived. In a 4-hour culture (early logarithmic phase) 100 
per cent were killed, and in cultures from 7 to 13 hours old (late loga¬ 
rithmic phase) the same treatment produced little or no reduction at all. 
Quite similar results have been reported by Elliker and Frazier (1938), 
who worked with E, coli grown at 28°C. and 38°C. and then heat- 
shocked at 53°C. for 30 minutes. One very interesting point should 
be mentioned in connection with this study. The usual fall in resistance 
was observed for the late lag and early logarithmic phase, but more 
interesting was a temporary, brief, fivefold increase in resistance in 
the very early lag phase, which suggests a new characteristic of the 
early lag phase. 

The lowered resistance of cells in the period of physiological youth 
has been demonstrated also with other chemical and physical agents. 
For example, Gates (1929) reported that a 4-hour culture of Staphy¬ 
lococcus aureus was more readily killed by a given intensity of ultra¬ 
violet light than a 28-hour culture. 

Change in Electrophoretic Mobility and Agglutination during 
the Phase of Physiological Youth. Closely related to the low re¬ 
sistance of cells to harmful chemical and physical agents during the 
period of physiological youth is the property of low susceptibility to 
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certain types of agglutination, coupled with a low electrophoretic 
charge. 

In 1914 Gillespie observed that very young cultures of pneumococci 
require a longer agglutination period than older cells. Sherman and 
Albus (1923) reported that 4-hour cultures of E. call were not aggluti¬ 
nated by an acidity of pH 3.0, whereas a 24-hour culture was agglu¬ 
tinated at a pH of 3.8. Similar results with different organisms have 
been reported by other workers. 



Fia. 5. Growth Curve (circles) of a Smooth Strain of Escherichia coli, and the 
Mean Charge Density-Age Curve of the Same Organism Plotted for Comparison. 

(From Moyer, 1936.) 

Although a number of early studies have appeared on the electropho¬ 
retic charge of bacteria, the most complete report dealing with this 
phenomenon in relation to the culture cycle is that by Moyer (1936). 
He worked with smooth and rough strains of E. coli in an aerated 
medium and drew the following principal conclusions. Rough and 
smooth strains exhibit distinctly different charges, but within each 
strain results are highly consistent. Mobility is high at the start and 
falls during the first hour for the rough strain, remaining low for the 
second and part of the third hour and then rising again. The mobility 
of the smooth strain drops during the first and second hours and re¬ 
mains low during the third and fourth hours (Fig. 9, Chapter 1). The 
low mobilities correspond to the lag and the beginning of the logarithmic 
phases, and the subsequent rise in mobility comes near the end of the 
logarithmic phase. When these same data were computed on the basis 
of the net charge density (<r) of the cell surface, a similar relationship 
was noted (Fig. 5). 

Two other experiments which Moyer made may be mentioned. He 
mixed large cells from a 90-minute culture with the small cells from a 
16- to 24-hour culture and determined the mobility of the morphological 
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types under the microscope. The large young cells moved at a mean 
rate of about 0.7 ju/sec./volt/cm., whereas the mean rate for the small 
old cells was 0.87. Heating cultures at 56°C. for three-fourths of an 
hour did not alter the mobility of 24-hour cells but greatly reduced 
the mobility of 3-hour cells. 

A careful analysis of the causative factors involved showed that the 
low mobility of young cells was not due to the irreversible changes in 
surface caused by the buffer, nor to the adsorption of dissolved or gas¬ 
eous metabolites, nor to the presence of flagella, but, probably, to a 
change in the physical or chemical nature of the surface of the cells, 
perhaps associated with expansion of the surface and increased per¬ 
meability. 

THE LOGARITHMIC PHASE 

The logarithmic phase is that period of growth in a bacterial culture 
during which regular and maximum multiplication per cell is taking 
place.^ We have just pointed out that the final characteristic of 
physiological youth is a rapid rate of cell multiplication. This charac¬ 
teristic, however, is initiated slightly later than the increase in metabolic 
activity and cell size, the lowered resistance to unfavorable physical 
and chemical agents, and the decreased electrophoretic charge which 
are so characteristic of the youth phase. By the time the maximum 
rate of cell multiplication is reached, most of the other characteristics 
of youth are on the decline. For actual data on these changes, the 
tables and figures already mentioned and the references given by 
Winslow and Walker (1939) should be consulted. 

The logarithmic phase can also be defined as that period during 
which the generation time has been reduced to a minimum. As we 
have mentioned, the generation time is that inter\^al during which one 
bacterium develops and completely divides into two cells. Since 
bacteria divide by binary fission, the increase in the number of cells is by 
geometric progression; that is, at the end of the firat generation a 
single cell will divide into two (2^), at the end of the second generation 
the two bacteria will separate to form four (2^), the four will then divide 
into eight (2^), etc., until at the end of the nth generation period the 
number will be 2”. It can be seen that this phase of growth is the one 
most susceptible to simple mathematical analysis. Furthermore it is of 
major importance in the study of the effect of environment upon 
bacteria. 

' This definition is widely quoted for the logarithmic phase; however, work by 
several investigators [see Rogers and Greenbank (1930) and Hirsch (1933)1 in^- 
cates that growth in a bacterial culture may, under some conditions, be intermits 
tent. 



122 


THE GROWTH AND DEATH OF BACTERIA 


In studying bacterial growth during its various phases, the progeny 
from more than one cell are usually encountered. Thus it is necessary 
to consider this problem in terms of several organisms rather than 
one bacterium. 

In such a study it is convenient to use certain abbreviations, and 
those of Buchanan and Fulmer (1928) will be followed in this brief 
discussion. They are: 

t = time. 

B = number of bacteria at the beginning of a given time, taken as 
t = 0. 

6 “ number of bacteria at the end of a given time (0* 

g = generation time, or the time for one complete cellular division 
to take place. 

n = number of generations occurring in time (0- 
log = logarithms to the base 10 (common logs). 

In = logarithms to the base e (natural logs). 

If counts are made at intervals by one of the methods already dis¬ 
cussed, the number of generations, n, during the growth period and 
the length of each of the generations, g, can easily be calculated. It 
can now be seen that, if we are dealing with more than one cell, at the 
end of the first generation: 

6 = 5X2 


At the end of the second generation: 

6 = 5 X 2 X 2 

And at the end of the nth generation: 

6 = 5X2'* 

If this equation is solved for the number of generations, (n), it be¬ 
comes: 

log 6 = log 5 + n log 2 
or 

log 6 — log 5 


n = 


log 2 


Since the log of 2 is 0.30103, equation 1 may also be written: 

6 


n = 3.3 log 


5 


( 1 ) 


( 2 ) 


that is, if the number of bacteria at the end of a given time, <, is divided 
by the number at the beginning, ^ = 0, and the logarithm of this 
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quotient is multiplied by 3.3, the resulting figure gives the number of 
generations occurring in time, ^ 

It is further evident that the number of generations, n, which will 
develop in a given time, t, will be equal to the total time divided by 
the generation time, gf, thus: 


or 


and 


or 


t 

n == - 
9 

t 

9 

n 


Hog 2 

log h — log B 


(3) 

(4) 

(5) 


9 = 


t 


b 

3.3 log ~ 
B 


( 6 ) 


It is apparent that the more rapid the growth of a bacterial cell, 
the smaller will be the value of g. Thus, if a comparison of the effect 
of different environmental factors on the growth of a bacterium is de¬ 
sired, it can be made by comparing the values of g obtained under 
different conditions. 

It is often more desirable in such studies, however, to determine 
the growth rate constarU of Slator (1916) or, as it is usually called, the 
velocity coefficient. This is simply the rate of increase per cell during 
the period of growth or the rate of decrease during the phase of death. In 
other words, the number of new^ cells produced by 1 given bacterial 
cell in a certain period of time is the increase for that particular cell. 
For example, if 1 cell divides to form 2, the 2 divide to form 4, and the 
4 separate into 8 during 1 hour, then there are 7 more bacteria at the 
end of 1 hour than at the beginning. Thus, the velocity coefficient or 
rate of increase is 7 per hour. Also, the shorter the generation time, 
the faster will be bacterial cell division and the greater will be the 
numerical value of the velocity coefficient or rate of increase. 

The velocity coefficient is usually designated by the constant k, and, 
when solved by calculus, the following formulas are obtained: 

Inb — kt + In B 
or 

In 6 - In B I b 
k =-= ~ln — 


(7) 



124 


THE GROWTH AND DEATH OF BACTERIA 


By comparing the above expression with the formula for the genera 
tion time, we see that the growth rate constant of Slator or the velocity 
constant, k, is nothing but the reciprocal of the generation time multi¬ 
plied with a constant factor, as: 

g \n2 g 

If equation 7 is changed to logarithms to the base 10, it becomes 

log 6 — log B 2.3 b 

— - = — log ~ 

0.434^ t B 

or 

1 b 

0.434Jfc = - log- (9) 

t B 

It must be kept in mind that the constant, fc, is just a number which 
indicates the relative growth rate and cannot be defined descriptively. 

Slator (1916) made use of this constant to measure by a nephelo¬ 
metric method the rate of gro^vth of Lactobacillus delbruckii in malt- 
wort broth at 45°C. The following results were obtained: 


u 

h 


hours 

'b 

0.434^• 

2.63 

119 

0.82 

3.48 

800 

0.83 

4.00 

2,260 

0.84 

4.73 

9,060 

0.84 

6.02 

18,100 

0.86 



Average: 0.84 


Since the generation time is inversely proportional to the rate of 
growth per cell, this rate (fc) can be evaluated in terms of generation 
time, Qy by the following expression from equation 8: 


In 2 0.692 

^ ~~k V 

because In 2 = 2.307 logio 2 = 0.692. 

In the data from Slator fc = 1.93 (0.434fc =•• 0.84); therefore the gen¬ 
eration time becomes; 

In 2 0.692 

g =-—-= 0.358 hour = 21.5 minutes. 

1.93 1.93 

The influence of environment can be easily measured by comparing 
values of k obtained by cultivating organisms under different sets of 
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TABLE 7 

Effect of Temperatubb on the Rate of Growth of LactcbaciUMa deWruckii 


[From Slator (1916)] 


Temperature, Time, /, 

h 



hours 

B 

0.434A; 

58° 

No growth 



66° 

Slight growth 


.... 

62.6° 

6.5 

614 

0.61 


6.6 

6,220 

0.67 


10.3 

317,000 

0.54 




Mean: 0.64 

60° 

3.1 

614 

0.90 


3.9 

5,220 

0.95 


4.2 

31,500 

1.07 


5.4 

270,000 

1.01 


Mean: 0.98 


45° 

See data 

on p, 

Mean: 0.84 

o 

O 

4.0 

305 

0.62 


5.25 

1,550 

0.61 


6.0 

5,530 

0.62 


6.8 

23,400 

0.64 


Mean: 0.62 


36° 

6.5 

195 

0.36 


8.5 

830 

0.345 


9.6 

4,180 

0.38 


11.6 

29,800 

0.385 




Mean: 0.365 

o 

o 

18.0 

1,840 

0.181 


21.0 

7,800 

0.185 


25.0 

46,800 

0.187 




Mean: 0.184 

26° 

29.0 

277 

0.084 


43.0 

3,310 

0.082 


49.5 

19,900 

0.087 




Mean: 0.084 

22° 

90.0 

126 

0.02 

20° 

No growth 

.. • 

.... 



126 


THE GROWTH AND DEATH OF BACTERIA 


conditions. Table 7 shows the effect of temperature on the growth of 
Lactobacillus deWruckii. 

As has been stated, when the logarithms of the numbers of bacterial 
cells in this phase are plotted against time, they fall on an ascending 
straight line. Equation 7, \nb = kt + In H, is in the form of an equa¬ 
tion of a straight line, and the slope of this line is represented by the 
numerical value of k. 

It is generally assumed that during the period of logarithmic growth 
all the bacteria are alive and all are actively dividing at regular inter¬ 
vals. If such is the case, then the total count should be equal to the 
viable count. It is upon this basis that the preceding equations have 
been developed. There seems to be some disagreement among workers, 
however, as to whether all the cells are taking an active part in the 
process of division during the logarithmic phase. Kelly and Rahn 
(1932) observed that, once bacteria germinated and started to grow, 
there was no such thing as ‘‘infant mortality,at least during the first 
few generations. Jennison (1937) found that, if certain technical points 
were carefully controlled, the viable and total counts were almost 
identical. On the other hand, Wilson (1922, 1926), R^gnier, David, 
and Kaplan (1932), and others have noted that in broth cultures the 
total count is usually higher than the viable count, even during the 
period of logarithmic growth. 

Wilson (1922) thought that the most likely explanation for the dis¬ 
crepancy between the total and viable counts during the logarithmic 
phase was the fact that some of the organisms generated fail to survive 
their first generation. The actual percentage of the viable cells to the 
total is not constant for any one organism and probably varies even 
more for different species. Using a single bacterial species, Wilson 
obtained figures varying between 57.86 per cent and 122.8 per cent 
in 16 experiments, with an average of approximately 80 per cent 
between the two counts at the end of the logarithmic phase of growth. 
These results mean that about 200 organisms in every 1,000 produced 
die during each generation. If, for example, we assume that 80 per 
cent of the bacteria produced during a given generation continue to 
live and divide while 20 per cent dies, then at the end of the logarithmic 
phase of growth the total number of organisms alive and dead will ex¬ 
ceed the number living. The increase in the hving bacteria would still 
occur in geometrical progression, and the curve obtained by plotting 
the logarithms of the numbers against time would still fall along an 
ascending straight line. The only difference would be that, instead 
of the number of bacteria being doubled in each generation, they would 
increase by only 1.6 times. This factor of increase is sometimes called 
the generation index. 
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Let us explain further by assuming that we have inoculated a fav¬ 
orable medium with a bacterium and that at the beginning of the 
logarithmic phase of growth there are 1,000 living bacteria per milli¬ 
liter and 1,000 nonviable cells per milliliter which do not germinate. 
At the end of the first generation 2,000 new organisms would theoreti- 


TABLE 8 


Increase in Viable, Dead, and Total Bacteria with a 20 Per Cent 
Mortality per Generation 



Number of 

Number of 

Total Number 

Ratio of 

Genera¬ 

Viable Cells 

Dead Cells 

of Cells 

Viable 

tions 

per Milliliter 

per Milliliter 

per Milliliter 

Total 

0 

1,000 

1,000 

2,000 

0.500 

1 

1,600 

1,400 

3,000 

0.533 

2 

2,560 

2,040 

4,600 

0.556 

3 

4,096 

3,064 

7,160 

0.571 

4 

6,554 

4,702 

11.256 

0.581 

5 

10,486 

7,323 

17,809 

0.589 

6 

16,777 

11,517 

28,294 

0.592 

7 

26,843 

18,227 

45,070 

0.595 

10 

109,232 

73,452 

182,684 

0.597 


cally have been produced, of which 80 per cent or 1,600, would be 
alive and capable of further division, whereas 20 per cent, or 400, 
would fail to survive. In the second generation these 1,600 cells would 
divide to produce 3,200, of which 2,660 would be viable and 20 per cent, 
or 640, would become inactive. This situation can be seen more clearly 
in Table 8, which has been adopted from the work of Wilson (1922). 

The data in Table 8 show that the ratio of viable to total organisms, 


V 


increases ^\^th each generation until it approaches a value of 0.6. 


The generation index can be obtained with some degree of accuracy 
near the end of the logarithmic phase of growth by calculating the 
ratio of the viable to the total count and adding 1; thus in the preceding 
example it is approximately 1.6, rather than the usual value of 2. 

The generation index can also be determined [Topley and Wilson 
(1936)] at any time during the logarithmic phase of growth if the viable 
and total counts are known both at the beginning and at the end of 
the nth generation, since: 
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where i =* the generation index. 

Vo and To = the number of viable and total bacteria, respectively, at 
the beginning of the experiment. 

Fn and Tn == the number of viable and total organisms, respectively, 
at the end of the nth generation. 

If it is granted that there is a normal death rate even during the 
logarithmic period of growth, then the above equations must be calcu¬ 
lated on a new basis. If, for example, a generation index of 1.6 is used, 
equation 1 for calculating the number of generations, and in turn the 
generation time, will then have to be altered to: 

log 6 — log S 

n — - 

log 1.6 

In using this new equation, Wilson (1922) pointed out, the calcu¬ 
lations for generation time will be smaller and the number of genera¬ 
tions will be greater than are obtained with the formula in which the 
usual generation index of two is used. 

Factors Influencing Growth during the Logarithmic Phase. 
Several factors have been studied which influence the growth or the gen¬ 
eration time of bacteria during the logarithmic phase of growth. The 
following may be briefly mentioned: 

1, Nature of the Bacterium. Because of the inherent nature of 
some bacteria they seem to grow more rapidly than others. The growth 
rates, computed as generation times, of several bacteria growing under 
optimum conditions have been studied and reviewed by Mason (1935). 
The data listed in Table 9, adapted partly from Mason, show the short¬ 
est recorded generation times for some of the common species of 
bacteria. The members of the coli-aerogenes group are probably the 
most rapidly growing bacteria, with an average generation time of less 
than 20 minutes. Some of the spore-forming bacilli grow at about the 
same rate, the fastest of all being the thermophilic species, although 
Henrici has observed that Bacillus megatherium may divide in 9 minutes 
under some conditions. Bacteria belonging to the genera EberthelUif 
Salmonella^ and Proteus have a generation time of 20 to 30 minutes. 
The staphylococci, streptococci, and diplococci have an average genera¬ 
tion time of 25 to 30 minutes. Much slower are the polar flagellates 
of the genus Pseudomonas, which separate every 30 to 40 minutes during 
maximum growth. Slower still is the growth of the plant pathogenic 
group [see Hildebrand (1938)], and slowest of all are species of the 
genera Rhizdbium and Azotohacter. 

2. Nature op the Medium. As a general rule, the more favorable 
the concentration of nutrients in the medium, the more rapid is the 
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TABLE 9 

Growth Rates (Generation Times) of Several Common Bacteria 


[From Walker, Anderson, and Brown (1932), Mason (1936), Cameron and Sher¬ 
man (1935), and Hildebrand (1938)] 


Organism 

Medium 

Generation 

Time, 

minutes 

Azotohacter chroococcum 

Sugar-mineral 

240 

A. chroococaim 

Sugar-urea 

74 

A. chroococcum 

Glucose broth 

27-39 

Rhizobium trifolii 

Mannitol-mineral yeast extract 

101-174 

Rhizohium leguminoaarum 

Mannitol-mineral yeast extract 

78.6-150.6 

(six strains) 

R. trifolii 

Mannitol-mineral yeast extract 

140.4-218.4 

(five strains) 

Rhizobium meliloii 

Mannitol-mineral yeast extract 

75.0-193.8 

(six strains) 

Rhizobium japonicum 

Mannitol-mineral yeast extract 

343.8-460.8 

Diplococcus pneumoniae, type I 

or dextrose 

Broth 

24.5-31.0 

D. pneumoniae, type I 

Serum broth 

20.5 

D. pneumoniae, type II 

Broth 

33-38 

D. pneumoniae, type II 

Serum broth 

23 

Streptococcus lactis 

Milk 

23.5-26 

Streptococcus fecalis 

Milk 

23-26.6 

Streptococcus pyogenes 

Beef-heart broth 

32 

Staphylococcus aureus 

Broth 

27-30 

Vibrio comma 

Broth 

21.2-38 

Pseudomonas fluorescens 

Broth 

40 

Ps. fluorescens 

Glucose broth 

34^34.5 

Pseudomonas aeruginosa 

Broth 

34 

Erwinia amylovora 

Broth 

71-94 

Erwinia carotovora 

Broth 

57 

Phylomonas campestris 

Broth 

74-165 

Phytomonas, range for 11 species 

Broth 

68-155 

Lactobacillus acidophilus 

Milk 

66-87 

Lactobacillus bulgaricus 

Milk 

39-74 

Escherichia coli 

Broth 

16.5-17 

Aerobacter aerogenes 

Broth 

18.0-30 

A. aerogenes 

Glucose broth 

17.2-17.4 

Proteus vulgaris 

Broth 

21.5 

Eberthella typhosa 

Broth 

23.5 

E. typhosa 

Glucose broth 

29 

Shigella dysenteriae 

Peptone-phosphate 

37 

Bacillus mycoides 

Broth 

28 

Bacillus megatherium 

Broth 

31 

Bacillus cereus 

Broth 

18.8 

Bacillus subtilis 

Glucose broth 

26-32 

Bacillus thermophitus 

Glucose broth 

16 

Clostridium hotulinum 

Glucose broth 

35 

Clostridium welchii 

Milk 

35 

Clostridium butyricum 

Corn mash 

51 

Corynebacterium diphtherias 

Glucose-serum broth 

34 
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growth. Penfold and Norris (1912) observed the effect on the rate of 
growth of bacteria of varying the concentration of peptone in the 
medium, taking care to eliminate the lag phase from their data. When 
the peptone concentration was increased from 0.125 per cent to 1 per 
cent, the generation time of Eberthella typhosa was reduced from about 
800 minutes to approximately 40 minutes. 

Graham-Smith (1920) studied the relationship between the concen¬ 
tration of food material and the growth of bacteria, but his observa¬ 
tions were confined to the stages of growth occurring after 20 hours 
and are therefore of little value in determining the relative effects upon 
the logarithmic phase. 

The addition of special substances, such as glucose, to a medium 
sometimes reduces the generation time and may increase the total 
yield of organisms. 

3. Temperature of Incubation. Since different bacteria have 
varying optimum temperatures, it can be assumed that the nearer the 
incubation temperature is to the optimum for growth of any given or¬ 
ganism, the shorter will be the generation time. 

One investigator, Barber (1908), isolated single cells of Escherichia 
coli and placed them in hanging drops under the microscope, where 
he could watch them for a considerable time, in order to determine 
the actual rate of division, or generation time. He found that the gen¬ 
eration time gradually decreased up to about 42°C., after which it 
again increased. The following generation-time figures were obtained 
with the E. coli organism and are widely quoted: 


5.5°-8.5°C. 

Very slight growth in 

5 days 

9.0°-11.0'’C. 

750 minutes for one generati 

15.4'’-15.8°C. 

161 ‘‘ “ 

a 

21.5‘’-21.8'‘C. 

62.2 ‘‘ “ “ 

It 

SO-O'C. 

29.7 ‘‘ “ 

ti 

32.0°C. 

25.0 

It 

37“C. 

20.0 “ “ ‘‘ 

it 

37.5°C. 

17.2 ‘‘ ‘‘ “ 

tf 

42°C. 

19-20 “ ‘‘ 

tt 

44.6°-44.8°C. 

20.8 “ 

tt 

46.8‘’C. 

45.7 

tt 

47°-48.5°C. 

Growth slight and irregular 

so-’c. 

No growth 



The maximum rate of growth of E. coli is at about 37.5°C., but there 
is little change in the generation time between 37° and 44°C. 

More recently Jennison (1936) has studied the effect of temperature 
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on the rate of growth of several species of bacteria. In the third 
column of Table 10, adapted from his work, the mean generation time 
for four species at five different incubation temperatures is given. 

Length of the Logarithmic Phase. The period of logarithmic 
growth varies somewhat for different bacteria and is dependent upon 
several factors, of which only three will be mentioned here. 

1 . Number of Organisms in the Inoculum. Lane-Claypon (1909) 
and Graham-Smith (1920) stated that the length of the logarithmic 
phase for a given volume of culture fluid was dependent upon the num¬ 
ber of bacteria contained in the inoculum and thus varied inversely 
with the size of the inoculum. 

2 . Volume of the Culture Medium. The work of Lane-Claypon 
(1909) and others indicates that the duration of the logarithmic phase 
varies directly with the volume of culture medium. 


TABLE 10 

Mean Generation Time and Lenotii of Logarithmic Phase at the Same 

Temperature 

[From Jennison (1935)] 

Approximate 


Tem{x?ra- 

lure, 

Organism °C. 

Escherichia coli (two strains) 22® 

27® 

32® 

37® 

42® 

Aerobacter aerogenes 22® 

27® 

32® 

37® 

42® 

Serratia marcescens 22® 

27° 
32® 
37° 

22 ° 
27° 
32° 
37° 


Mean 

Length of 


Generation 

Logarithmic 


Time (f/), 

Phaser (L), 

Ratio 

minutes 

hours 

{G/D 

73 65 

12 14 

6.0 4.6 

46 39 

10 8 

4.6 4.9 

33 26 

8 4 

4.1 6.5 

25 20 

6 6 

4.2 3.3 

26 26 

6 4 

4.3 6.6 

62 

10 

6.2 

33 

6 

5.5 

21 

6 

3.5 

21 

4 

5.2 

29 

4 

7.2 

52 

10 

5.2 

37 

6 

6.1 

26 

4 

6.5 

22 

4 

5.5 

65 

14 

4.0 

34 

6 

5.5 

23 

4 

5.7 

25 

4 

6.2 


Chromohaclerium violaceum 
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3. Temperature op Incubation. Lane-Claypon (1909) and Jenni- 
son (1935) have fully reviewed the effect of temperature on the length 
of the logarithmic phase, and their work indicates that it varies in¬ 
versely with the temperature. If the period of lag was discounted, 
the length of time over which Escherichia coli maintained the maximum 
rate of multiplication was, according to Lane-Claypon, approximately 

hours at 37®C. 12-15 hours at 25°C. 

8 -8| hours at 30®C. 20-24 hours at 20®C. 

Eberthella typhosa grew more slowly and the logarithmic increase per¬ 
sisted longer at all temperatures. 

Jennison (1935) showed that at any temperature up to the optimum, 
the ratio of the generation time (in minutes) to the length of logarithmic 
phase (in hours) is fairly constant (5 : 1), both for the same organism 
at different temperatures and for various organisms at the same tem¬ 
perature, This ratio seems to change above the optimum temperature 
for growth as shown in Table 10. The data further indicate the invei'sc 
relationship between the incubation temperature and the length of the 
logarithmic phase, as well as the ratio between the generation time and 
the period of maximum multiplication. 

THE NEGATIVE ACCELERATION PHASE 

After the period of rapid multiplication during the logarithmic 
phase, which varies with the medium, the temperature of incubation, 
and the nature of the organism, the bacterial cells become less active 
and division occurs at less frequent intervals. The factors which 
bring about this slowing-down process in a bacterial culture are not 
well imderstood at this time. 

One of the most frequent explanations of this phenomenon is that the 
available food supply in the medium in which the bacteria are growing 
becomes exhausted. This theory was doubted by Penfold (1914) who 
demonstrated that, if a 24-hour peptone-broth culture of Escherichia 
coli was centrifuged, the few bacteria remaining in the supernatant 
fluid again showed a rapid growth when reincubated, but not without 
a period of lag. Graham-Smith (1920) observed that, if an organism 
such as Staphylococcus aureus or E. coli was allowed to grow in meat- 
extract broth at 37 ®C. until near the end of the population cycle, and 
the tubes were then inoculated with the species originally present, little 
or no growth took place. However, if one of several other organisms 
was inoculated, multiplication of the added cells took place. If the 
cultures were sterilized by boiling before inoculation with fresh organ¬ 
isms, the original bacterium and other species, when added, showed 
an increase. From this experiment he concluded that boiling liberated 
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some food for added organisms of the strain which was originally 
present. From these experiments and others it seems that factors other 
than mere exhaustion of food supply are important in the slowing down 
of growth in a bacterial culture. 

Another natural explanation which has been suggested for this phe¬ 
nomenon is the accumulation of toxic metabolic products formed during 
the period of most active growth and multiplication. This hypothesis 
can be used to explain the results in certain cases, such as the retarda| 
tion of growth in a pneumococcus culture resulting from the productiol 
of hydrogen peroxide by the organisms, but, as has been mentioned 
previously, it probably does not accoimt for the decreased rate of 
growth in all bacterial cultures. In poorly buffered carbohydrate 
media certain bacteria may produce sufficient acid to retard their 
growth, but often growth continues if the acid is neutralized by a 
sterile solution of a weak alkali. 

As was suggested by Buchanan and Fulmer (1928), certain bacteria 
may pass into a morphological and physiological resting stage at the I 
end of the logarithmic phase and no longer take part with those cells 
which are dividing rapidly, or perhaps some of the cells die. 

Undoubtedly other important factors also come into play during this 
period, or possibly a series of several different factors may be responsi¬ 
ble for the retardation of growth. For example, it has been shown in 
some cases that the slowing-down process is due to a deficiency of 
oxygen supply in the culture medium, since a readily available supply 
of oxygen allows the growth of certain aerobic and facultative bacteria 
to continue for some time after it has ceased in a medium incubated 
under ordinary aerobic conditions or anaerobically. 

THE STATIONARY PHASE 

The rate of cellular division, which was at a maximum during thej 
logarithmic phase, decreases more or less gradually during the negative 
acceleration period until there is an apparent equilibrium between the 
cells which are passing into the resting stage, or dying, and those which 
are being newly formed. This equilibrium may last for some time, or it 
may be disrupted quickly and pass directly into a period of decline. 
Since there is theoretically no change in the number of bacteria during 
this phase, the growth curve will be represented by a straight line 
parallel to the abscissa. 

The factors determining the limitation of bacterial growth have not 
been studied as extensively as have certain controlling influences of the 
other phases of growth. Brief mention may be made here of several 
recent experiments along this line. 
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Some workers believe that the maximum number of bacteria present 
per unit volume of culture media will reach a rather constant value. 
Bail (1929) studied this problem in some detail and decided that for 
each individual bacterial species there was a maximum population 
which could not be surpassed no matter what factors were controlled. 
To this maximum in the population cycle he applied the term 
concentration’' and gave the following proof for his claims: 

1. Any given bacterial species attains a characteristic M-concentra- 
tion level when cultivated in a liquid medium, the value of which 
differs with different species. For example, the M-concentration of cells 
reached by the dysentery organism is not so great as that of the coli- 
form bacteria or staphylococci. 

2. With a large inoculum the M-concentration is reached much 
sooner than with a small inoculum. 

3. Viable bacteria which have reached the M-concentration are not 
able to multiply at once when inoculated into a fresh medium; and, 
when the number of cells introduced into a given volume of medium is 
above the characteristic M-concentration, the cells die until the char¬ 
acteristic level is reached. 

4. When cultures that have reached their M-concentrations are 
centrifuged and reincubated, fresh growth again takes place in the su¬ 
pernatant fluid until the characteristic maximum for the particular 
species is reached. If, however, after centrifuging, the sedimented cells 
are again uniformly resuspended in the same medium by shaking, 
no new growth takes place. From this fact Bail concluded that only 
the biological space was important for bacterial growth in a medium, 
and not the available physical space. 

5. When a broth culture of dysentery bacilli which had reached the 
M-concentration was heated to 55°C. for a period of time sufficient to 
kill most but not all of the viable bacteria, growth again took place 
upon reincubation until the M-concentration was attained. This fact, 
according to Bail, indicates that bacteria destroyed by heat do not 
consume the available biological space. 

6 . The M-concentration is not due to the exhaustion of the available 
foodstuffs, since meat-infusion broth can be diluted as much as 25 times 
without affecting the maximum level of growth. Adding an enriching 
substance, such as serum or glucose, to the broth never caused the 
viable organisms to exceed their characteristic M-concentration, 
although the total number of bacteria increased. 

7. Once the M-concentration level has been reached for a given 
species, growth does not stop at once, but rather an equilibrium is 
established between the newly formed cells and the number of bac¬ 
teria which are dying. 
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Fukuda (1929) investigated this same problem and gave some sup¬ 
port to the claims of Bail. He believed, however, that some of the 
controlling factors of the M-concentration could only be applied to 
certain bacterial species. To prove his theory he demonstrated that, 
if broth cultures of Pseudomonas aeruginosa were centrifuged, sterilized 
by heat, and reinoculated with a fresh culture, growth again took place 
until the previous level was reached. This experiment could be re¬ 
peated two or three times with the same results, using a culture of 
Ps, aeruginosa; however, only about one-third of the original M-con- 
centration was attained after treating a culture of Shigella gallinarum in 
the same manner. 

Von Wikullil (1932) observed that, if two organisms such as Escheri-- 
chia coli and Salmonella schoiimuelleri (Bact, paratyphosum B), which 
have approximately the same M-concentration of 1,600 million per 
milliliter, were inoculated together in the same numbers into a tube 
of fresh broth, the mixed culture had the same final M-concentration 
of 1,600 million per milliliter. Analysis showed that the two species 
were present in the approximate proportion of 800 million to 800 mil¬ 
lion. From this fact it was concluded that the total biological space 
was divided between the two species. When two organisms having 
extremely different ]\I-conccntration, such as 1,600 million and 300 
million per milliliter, were inoculated together into a tube of fresh 
broth, the M-concentration again reached 1,600 million per milliliter. 
However, in this experiment the final population was made up almost 
entirely of the species with the largest M-concentration, the explana¬ 
tion being that the one grew more rapidly than the other and utilized 
a greater proportion of the available space. 

Still further support was given to some of BaiPs claims by the work 
of KoldCny [see Kofinek (1939)]; however, he stated that the M-con- 
centration was din^ctly proportional to the food. The following data 
were presented to show that, when the foodstuffs were diluted, the 
final M-concentration was lower. 



Addition of 

M-concentration of 

Broth, 

WaU'r, 

Escherichia coli 

per cent 

per cent 

per Milliliter 

100 

0 

2,100 X 10« 

75 

26 

1,5G6 X 10* 

60 

50 

1,033 X 10* 

25 

75 

656 X 10* 


Dagley and Hinshelwood (1938) demonstrated that, when Aerdbacter 
aerogenes was cultivated in a synthetic medium, the final concentration 
varied with the final food in such a way that exhaustion of the food. 
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rather than the accumulation of toxic products, was the factor limiting 
growth. 

The data presented by Koblmuller (1936) are not in accord with the 
so-CJ^Ued space theory of Bail. However, his work differed from that of 
Bail in that he used solid media rather than broth, and this fact may 
have accounted for some of the difference in results. 

This subject was fully reviewed by Kofinek (1939), who believed 
that it could be explained by the help of Langmuir^s adsorption- 
isotherm theory. Most investigators believe that, if a fermentable 
carbohydrate such as glucose is added to a medium, it serves as a food 
material and thus allows the M-concentration to reach a slightly higher 
level than it would in ordinary broth. Kofinek was of the opinion, 
however, that the sugar changed the lyophilic properties of the protein 
and did not serve entirely as a food. 

There is considerable evidence in favor of some of Bail's claims con¬ 
cerning space theory and M-concentration, but many of his points 
are not accepted at this time. Further work will have to be done on 
this subject—why bacteria stop dividing at a maximum speed when a 
certain population is reached—before any definite conclusions can be 
reached. 

THE ACCELERATED DEATH PHASE 

The equilibrium between newly formed organisms and dying cells 
which was noted in the preceding phase may last for about an hour or 
be prolonged for several days. Once this equilibrium has been dis¬ 
rupted and the cells start to die more rapidly than new ones are gener¬ 
ated, the number of viable bacteria will begin to decrease, and the sta¬ 
tionary phase will pass gradually into a period of decline. This interval 
of slow decline may represent a sort of lag or adjustment to the un¬ 
favorable environment in the medium. 

Like the lag phase and the negative acceleration phase, this period 
is subject to considerable variability, depending upon the particular 
organism and the environment. Thus an accurate mathematical 
analysis is difficult to formulate. 

THE LOGARITHMIC DEATH PHASE AIVD THE FINAL PHASE OF 
DECLINE 

The rate at which bacteria die when subjected to unfavorable en¬ 
vironmental conditions has interested bacteriologists since the early 
days of this science. Most workers have reported that the decrease 
in bacterial numbers imder such influences follows a gradual and rather 
orderly course throughout most of the phase, with some tendency to 
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slow up during the later stages, as is shown in Fig. 2, p. 103.^ The period 
of decline may be relatively short for some organisms, such as the gono¬ 
coccus or meningococcus, where the culture may be sterile in a few 
days, or it may be prolonged for several months or years with some 
other bacteria. 

The proper interpretation of this phase is of importance, since it is 
upon the rate of death of bacteria that the dynamics of sterilization and 
disinfection are based. This subject, however, will be discussed more 
in detail in Chapters 3 and 4. In the present discussion, then, only 
some of the more general aspects of the problem of bacterial death 
will be mentioned. 

In the study of death rates of bacteria several different theories have 
been formulated to explain the general curve obtained by plotting the 
number of surviving organisms against time. The two main theories 
which have been advanced are: 

1 . Theory of Natural Selection. Some investigators [seeBuchanan 
and Fulmer (1928) and Knaysi (1930) for a review of the subject] 
have attributed the phenomenon of death to a process of natural selec¬ 
tion and impute the form of the mortality curve to biological differences 
in the resistance of the individual bacterial cells. It is assumed in this 
case that the surviving organisms are of a more resistant character. 
These workers believe also that any true resemblance between the 
^^survivors’ cuiwe^^ and that of a monomolecular chemical reaction, 
which will be discussed shortly, is purely an accident. Further support 
is given to this viewpoint by the work of Fulmer and Buchanan (1923), 
in which it was shown that the slopes assumed by the rate curves and 
survivors^ curves of yeasts under unfavorable environment were not 
always logarithmic in nature. Similar observations were noted by 
Levine, Buchanan, and Lease (1927) in studies on disinfection by 
sodium hydroxide. In this case the rate increased progressively with 
the time of exposure to the disinfectant and, as a result, straight-line 
curves were not always obtained. 

2. TTieory of Logarithmic Death. Other workers [see Madsen 
and Nyman (1907), Chick (1908, 1910), Cohen (1922), Falk and Wins¬ 
low (1926), Beamer and Tanner (1939), and Rahn and Schroeder 
(1941)1, studying the action of heat, chemical disinfectants, and other 
unfavorable influences on the death of bacteria, have given a somewhat 
different interpretation to the mortality curv^e. These investigators 
presented data which, when plotted in logarithmic form, showed a 

* Some evidence is available which w'ould indicate that growth and multiplicar 
tion are not entirely stopped during this period, for, if counts are performed at 
short intervals, transitory rises in the bacterial population are sometimes noticed. 
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close agreement to the curve of a monomolecular chemical reaction. 
‘These researches and others/’ Phelps (1911) summarized, “have 
shown that the rate of dying, whether under the influence of heat, cold, 
or chemical poison, is unfailingly found to follow the logarithmic curve 
of the velocity law, if the temperature be constant. This curve never 
reaches a zero value, although approaching it indefinitely.” 

If under some conditions bacteria die at a constant rate, then the 
general slope of the mortality curve during the period of rapid decline 
will be similar to that of the curve for the increase of a bacterial popula¬ 
tion during its period of rapid multiplication. In the phase of increase 
the logarithms of the number of new cells formed from a single initial 
cell in a given time are proportional to the lapse of time; in the phase of 
decrease the logarithms of the proportion of the cells present which die 
in a given interval of time are proportional to the length of that in¬ 
terval. In other words, increase and decrease alike bear a direct rela¬ 
tion to the number of cells present at the beginning of a unit period 
and a logarithmic relation to any time period of greater duration. 

Thus, according to this theory, if the logarithms of the number of 
surviving bacteria after various lengths of time are plotted against 
time, the points will be found to lie on a straight line. The slope of 
the line will be a negative value and is termed the velocity coefficient 
of the reaction. The fonmula for the rate of decrease is, in the form 
used by Phelps (1911) and Buchanan (1918), as follows: 


or 


and 


B 

log ~ = kt 
0 

1 b 

— fc == - log —• 
t B 


1 B 
k = “log — 
t b 


( 12 ) 


where k — the velocity constant. 

t = the interval of time between successive observations. 
B = the number of bacteria initially present. 
b = the number present at the end of time L 


It will be noted that this is in the form of the equation for a monomo¬ 
lecular reaction. 

Where the rate of death does not follow the monomolecular reaction, 
Falk and Winslow (1926) have pointed out that it is much simpler to 
assume that the lethal reactions which go on in the bacterial cells 
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dying in an unfavorable environment proceed in accordance with a 
bimolecular reaction, or reactions of higher order, than to postulate 
biological variations in the resistance of the bacteria. They further 
state that there is no reason to assume that the decomposition of a single 
chemical compound is always the determining factor of death. 

In summary, it can be said that most investigators believe that there 
is no true evidence that the cells which die near the end of the bacterial 
population cycle are intrinsically more resistant than those which 
perish earlier. Furthermore, their work leads to a belief that the curve 
for such a cycle is governed by a series of simple reactions which follow 
the laws of the more simple chemical processes. It must be kept in 
mind, however, that not all workers are in agreement with this view¬ 
point, and, until more data are available concerning protoplasmic 
death, no one theory should be hastily accepted as the final explanation. 

If it can be proved definitely that bacterial death under unfavorable 
environmental conditions does follow the so-called logarithmic curve, 
then many problems can be correctly solved. 

RELATIONSHIP OF GROWTH CURVES TO A CURVE OF 
AUTOCATALYSIS 

A study of the typical growth curve (Figs. 1 and 2, pp. 96 and 103) 
shows that it is more or less sigmoid or S-shaped. The exact form in 
any given case will depend upon the type of organism, its previous 
history, and the various environmental influences which come into 
play during its multiplication. One explanation or interpretation of 
this cur\’e has been developed in the preceding discussion as a succes¬ 
sion of grow^th phases. Another interesting explanation has been given 
by several investigators [sec McKendrick and Pai (1911) and Lotka 
(1925)], w^ho have explained the growth (jurve on the basis that it 
shoW'S a marked resemblance to a curve of autocatalysis. For further 
reading on this subject the boolcs by Lotka (1925) and Buchanan and 
Fulmer (1928) should be consulted, 

INTERPRETATION OF GROWTH CURVES BY LEMON’S FORMULA 

Lemon (1933) pointed out that the usual method of expressing the 
increase of bacterial grow^th in a medium by graphical methods in w hich 
the numbers of bacteria are plotted against time has certain disad¬ 
vantages. He states: 

The maximum growth rate cannot be accurately determined, nor the period 
of optimum propagation. ... A perfect growth-rate curve indicating bac¬ 
terial increase in numbers per time of incubation usually involves a sigmoid 
logarithmic curve, neglecting precipitation, death of bacterial organisms, etc. 
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This curve, while indicating the total number of organisms at any given time, 
fails in not accurately indicating the period of incubation at which the organ¬ 
isms are most rapidly propagating. 

To solve these difficulties Lemon estimated the actual rate of growth 
in unit intervals of time by a special formula which he developed. This 
point is of interest to the bacteriologist, since it indicates at what period 
the optimum propagating rate is reached. For an application of the 
details of this method the paper by Lemon (1933) should be consulted. 
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THE EFFECTS OF PHYSICAL AGENTS ON 
BACTERIA 

Since living bacterial cells consist largely of the substance in delicate 
equilibrixun known as protoplasm, their normal life processes may be 
easily disrupted by certain changes in the environment. Physical 
forces may bring about changes in the environment which tend to 
stimulate, attenuate, produce variants of, or completely destroy bac¬ 
teria and their products. Whether these agents affect chemical changes, 
bring about mechanical disorganization of the cells, or produce a com¬ 
bination of reactions is not always well understood. As more studies 
appear on the colloidal chemistry of protoplasm, however, the more 
apparent it becomes that the protoplasmic complex is so constituted 
as to be sensitive to various types of external agents and to respond to 
many diverse treatments in much the same manner. 

The physical forces which we shall briefly consider here are electro¬ 
magnetic waves, temperature, desiccation, electricity and magnetism, 
pressure (mechanical, osmotic, gaseous), surface tension, sound waves, 
filtration, and agitation. Buchanan and Fulmer (1930) have summar 
rized in a systematic treatise a large amount of information on these 
subjects. Their book should be consulted for more details than are 
given here. 

ELECTROMAGNETIC WAVES 

Many experiments have been carried out on the effect of the rays of 
the electromagnetic spectrum on microorganisms. This discussion, 
however, will be restricted entirely to the field of bacteriology, with only 
brief mention from time to time of the action of radiation on allied 
substances such as viruses, serological phenomena, and other bodies 
which bacteriologists study. Although the so-called alpha- and beta- 
rays emitted from the radioactive elements are not truly part of the 
electromagnetic spectrum, they will be given some consideration. 

For the most part radiation of this type tends to be detrimental to 
bacteria and their products rather than beneficial. Whether the rays 
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bring about their harmful effect by producing secondary toxic chemical 
substances such as ozone and hydrogen peroxide in the medium, alter 
the cell permeability, or act on the protoplasm of the cell in some other 
way to bring about protein coagulation and dehydration has not been 
definitely proved. 

Before discussing the bactericidal effect of the various regions of the 
electromagnetic spectrum, it may be well to discuss briefly the terms 
used in classifying such rays and list the various regions of the spectrum. 

CLASSIFICATION AND REGIONS OF THE ELECTROMAGNETIC 
SPECTRUM 

Units of Wavelengths, Wave Number, Frequency, and Photon 
Energy. The electromagnetic waves may be classified by one of 
several methods. The definition of terms as used by Darrow (1936) 
will be reviewed briefly: 

1. The ultimate unit of wavelength is the centimeter, but various sub¬ 
multiples of this universal unit are usually employed in various parts of the 
spectrum. They include: 

The micron ()u), equal to 10”"^ cm., sometimes employed in the extreme 
infrared. 

The millimicron (m/i), equal to 10“^ cm., occasionally employed in the 
infrared, the visible, and the ultraviolet, but not so commonly as the unit 
next mentioned. 

The angstrom (A.), equal to 10”® cm., usually employed in the near infra¬ 
red, the visible, and the ultraviolet. 

The X-unit (X), equal to 10”^^ cm., employed in the X-ray and gamma-ray 
regions. 

2. The wave number is by definition the reciprocal of wavelength. When a 
wave number is to be calculated from a wavelength, the latter is generally ex¬ 
pressed in centimeters, so that the customary unit of wave number is the re¬ 
ciprocal centimeter (cm.”'). 

3. The frequency (v) is by definition the product of wave number by c, the 
speed of light in vacuo. The first factor is commonly expressed in cm.”', the 
second in centimeters per second or cm./sec.; the frequency is, therefore, in 
reciprocal seconds (sec.”'). 

4. The e.g.s. unit of energy is the erg. The energy of a photon of light of 
frequency y is computed in ergs by multiplying y expressed in sec.”' by the 
value of h expressed in e.g.s. units (gin. cm.^ sec.”'), which is 6.55 X 10”^. 
The erg is far too large a unit for convenience in dealing with any portion of 
the spectrum, and the customary unit of energy is the electron volt (e.v.) equal 
to 1.59 X 10”'* erg. Sometimes this is called the equivalent volt and some¬ 
times simply the volt of energy. As the name implies, it is the amount of kin¬ 
etic energy acquired by an electron in passing unimpeded between two points, 
of which the latter is at a potential one volt higher than the former. In the 
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gamma-ray region, photon energies are sometimes expressed in millions of 
electron volts (m.e.v.). 

To get photon energy in electron volts from wavelength in angstroms, it is 
often convenient to remember that photons of one electron volt correspond to 
waves of 12,337 A. 

The Regions of the Spectrum. Even though the regions of the 
spectrum have derived their names because of physiological and his¬ 
torical accidents rather than from fundamental reasons, it is important 
to know their location and approximate range. In Fig. 1, a diagram 
shows the approximate range of the electromagnetic spectrum with 
bactericidal action. It will be seen that the visible spectrum extends 
from about 3,900 A. at the end of the violet to about 8,000 A. at the 
end of the red, the exact limits varying with the eye. From the red end 
of the visible spectrum in the direction of increasing wavelengths ex¬ 
tends the infrared portion of the spectrum, and beyond lie the Hertzian 
or radio waves generated by oscillating electrical circuits. From the 
violet end of the visible spectrum, in the direction of decreasing wave¬ 
lengths, lies the ultraviolet; beyond this are the X-ray region, the 
gamma-ray spectrum, and, still further, the cosmic rays. The boundaries 
imposed between these regions are, at present, more or less arbitrary, 
but in Fig. 1 they have been given a definite value for the sake of con¬ 
venience. Attention should be called to the fact that little, if any, 
bacteriological work has been done on some parts of the spectrum, and 
for this reason the data listed in the accompanying figure should be 
considered only as a guide to the possible action of these radiations. 

The more important regions of the spectrum, in so far as bacteriology 
is concerned, will now be taken up separately. 

SUNLIGHT (SOLAR RADIATION) 

Direct sunlight is quite destructive to bacteria, especially when 
they are not protected by extraneous organic matter. The observations 
by Downes and Blunt (1877, 1878) that sunlight had a lethal effect on 
bacteria and other microorganisms drew the attention of bacteriologists 
to the importance of this type of radiation. These two investigators 
also noted that the germicidal effect of sunlight on decomposing organic 
matter took place only in the presence of air, and they regarded steri¬ 
lization by light as depending on oxidation. The work of Downes and 
Blunt was confirmed by Roux (1887), who concluded that oxygen was 
a factor in the lethal action of sunlight on bacteria. Using anthrax 
spores suspended in tubes of nutrient media, he found that, when there 
was plenty of oxygen available, the spores were killed by sunlight in 
29 hours. Under anaerobic conditions, however, the spores were not 
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BACTERICIOAL EXPOSURE 

Fig. 1. The Known Bactericidal Regions and Some of the Physical Properties of the Electromagnetic Waves. Example of ise: 
A radiation of 10 ~® cm. or 1 A. might be of X-ray or 7 -ray origin; its frequency is 3 X 10 '® per second and there are 10 ® waves per 
cm.; one quantum of such radiation has energy equal to about 10 ~® ergs. (Physical data from Deming and Cottrell, 1932, and est- 

inghouse Electric and Manufacturing Co. Inc.) 
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destroyed even by 83 hours' exposure to the sun. About this same time 
Tizzoni and Cattani (1891) observed that sunlight had a lethal effect 
on the vegetative cells and spores of Clostndium tetani. 

In 1887 Duclaux reviewed his work and that of others on this subject 
and showed that in sunlight vegetative bacilli were killed and some¬ 
times even spores were destroyed. In the same year Arloing (1887) 
obser\"ed that the spores of BaciUus anthracisj known to be resistant to 
liigh temperature, were easily destroyed by sunlight. He believed this 
bactericidal action was due to the entire solar spectrum. 

A series of papers was published by Ward (1892-1894) in which he re¬ 
ported some well-controlled experiments. Gelatin and agar plates 
seeded with anthrax spores were exposed to the autumn sunlight. The 
destructive action of the sun was demonstrated to be due to a direct 
action and not to an increase in temperature, because at no time during 
the exposure did the temperature of the plates rise above 18°C. Fur¬ 
thermore, the lethal action was not due to desiccation or other changes 
in the substrate, since plates exposed for a reasonable time were suitable 
for the growth of fresh cultures. Using both glass and liquid filters, 
Ward found no inhibition of growth behind filters transmitting red, 
orange, and yellow light rays; however, the destructive action was 
marked behind filters transmitting blue-violet rays. 

The exotoxin from the diphtheria bacillus was the first bacterial 
toxin whose photolability was studied. Roux and Yersin in 1889 pub¬ 
lished the significant observation that, although quite stable in the 
dark, this toxin was almost completely inactivated by a 10-hour ex¬ 
posure to sunlight. When sealed in small tubes without air, the toxin 
was only partially destroyed by similar irradiation. From this finding 
the authors concluded that visible light plus oxygen was the active 
agent. Two years later Tizzoni and Cattani (1891) showed that tetanus 
toxin was destroyed by 4| months' exposure to diffuse daylight, provid¬ 
ing oxygen was present. Controls in a hydrogen atmosphere or in the 
dark were not inactivated in the same time. Fermi and coworkers 
(1892, 1894) studied the effect of sunlight on both dried and dissolved 
tetanus toxin. If the temperature was much above 40® to 50®C., both 
toxins were inactivated in 15 hours by direct sunlight; however, if the 
temperature did not exceed 37®C., the dried toxin showed some activity 
after 100 hours of irradiation, whereas the dissolved toxin was again 
completely inactivated in 15 hours. 

In his early studies on the germicidal action of light Roux (1887) 
found that, if a shallow layer of media in the presence of oxygen was 
exposed to sunlight for 3 to 4 hours, it became altered in such a way 
that seeded anthrax spores would not germinate. The same media, 
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however, allowed the growth of vegetative cells of Bacillus anthracis. 
This phenomenon was reinvestigated by Burnet (1925), who observed 
that staphylococci would not grow on agar plates which had been 
previously exposed to sunlight. The inhibitory action was attributed 
to the production of hydrogen peroxide in the media by the sunlight. 
This explanation, according to some investigators, does not satisfy the 
conditions for all experiments. 

Other reports [see de Laroquette (1918)] on the effect of sunlight 
have been published, but many of the investigators have given little 
or no attention to the measurement of light intensities. Since the 
intensity of sunlight is influenced by time, place, and local climatic 
and atmospheric conditions, no special conclusions can be drawn from 
such experiments. 

No further mention will be made of the entire solar spectrum except 
for its relationship to photodynamic sensitization. 

VISIBLE SPECTRUM 

It has been quite generally believed in the past that light rays of the 
visible spectrum have little or no physiological effect on most bacteria, 
in spite of the fact that many early investigators demonstrated some 
lethal effects for such rays and all bacteriologists have observed that 
certain bacterial cultures grow best in the dark. It is also of interest 
that Duggar (1936) stated, ^Turther quantitative studies in the visible 
spectrum may give evidence of lethal effects, or at least of other physi¬ 
ological effects of fundamental interest.’’ Since 1936 this statement 
has been verified by several workers. For example, Buchbinder, 
Solowey, and Phelps (1941) and Miller and Schad (1944) have observed 
that visible light is definitely germicidal to streptococci and menin¬ 
gococci on continued exposure. Hollaender (1943) has also shown that 
long ultraviolet and short visible radiation (3,500 to 4,900 A.) is lethal 
for Escherichia coli; however, it requires 10,000 to 100,000 times as much 
incident energy to produce 50 per cent killing in this region as in the 
more lethal ultraviolet (2,650 A.). Kreitlow (1941) studied the effects 
of visible radiation on pigmentation of Serratia marcesceris, and found 
that blue light (3,800 to 5,000 A.) inhibited pigment formation at 20° 
and 27°C., whereas the best pigmentation took place in red light (above 
6,000 A.) or in darkness, and green light had no effect at all on color pro¬ 
duction by this organism. 

PHOTODYNAMIC ACTION 

It has just been mentioned that experiments concerned with killing 
bacteria by sunlight are difficult to control and that the visible rays of 
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fche spectrum possess little, if any, lethal effei^t on microorganisms. 
It has been demonstrated by a number of investigators, however, that, 
when certain dyes are added to a biological system (protozoa, bacteria, 
toxins, enz3rmes, and viruses), they bring about a ‘‘sensitization” of the 
system, so that the physiological effects of the visible spectrum are 
greatly increased. 

The early work on this subject was done principally by von Tap- 
peiner and Jodlbauer (1900, 1904, 1905, 1909). They used several ab¬ 
sorptive dyes in the flourescene, anthracine, and quinine groups and 
obtained some interesting data. Although their early work was con¬ 
cerned with the photodynamic action of dyes on protozoa, they did 
demonstrate in their later papers that this sensitization phenomenon 
also manifested itself in the destruction of bacteria and inactivated 
toxins and antitoxins. 

In the last few years the photodynamic action of dyes has been 
studied more in detail and expanded to include certain immunological 
reactions. For example, Clifton (1931) found that a staphylococcus 
bacteriophage suspended in 0.01 to 0.1 per cent methylene blue solution 
was inactivated by exposure to sunlight for about 5 minutes. The 
inactivation did not take place in vacuo, in an atmosphere of nitrogen, 
or in the presence of such reducing agents as cysteine hydrochloride. 
This work was confirmed by Perdrau and Todd (1933), who also showed 
that the greatest inactivation of the bacteriophage was obtained when 
a methylene blue solution of 1 : 100,000 was used. Some of the filter¬ 
able viruses have also been inactivated by photodynamic action without 
an apparent loss of their antigenicity [Perdrau and Todd (1933), 
Galloway (1934)]; and three of the toxic properties of staphylococcus 
toxin were completely removed by the photodynamic action of meth¬ 
ylene blue, without destroying the antigenic property of the toxin 
[Li (1936)]. Table 1 illustrates the effect on the hemolytic property 
of the staphylococcal toxin. Tuberculin, complement, antigens, and 
precipitins of various types have also been inactivated by photodyna¬ 
mic action. 

The effect of eosin and methylene blue photosensitization on anti¬ 
bodies has recently been studied by Zia, Chow, and T\mg (1938) and 
Ross (1938). They have observed that such treatment brings about a 
deleterious effect on the several antibodies tested. Probably of more 
interest, however, is the fact that such treatment causes a mild chemical 
change in the antibody protein. 

T'ung (1935, 1936, 1940) has reviewed the literature on the effect 
of photodynamic action on microorganisms and related substances and 
has presented many of his own experiments. He has shown that 
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TABLE 1 

Maximum Dilution op Staphylococcus Toxin * Which Completely 
Hemolyzes 1 Per Cent Rabbit Erythrocytes aptbr One Hour in 
A Water Bath at 37 °C. 

[From Li (1936)] 


Concentration of Methylene Blue 
Hours ,--- I_ 


Exposed 

1 : 10,000 

1 : 50,000 

1 : 500,000 

To light 

1 

1/1,024 + 

1/1,024+ 

1/1,024+ 

2 

1/512 

1/1,024 

1/1,024 

4 

1/256 

1/256 

1/1,024 

6 

1/32 

1/64 

1/512 

8 

None 

1/2 

1/32 

Control {in 
dark) 

72 

1/1,024+ 

1/1,024+ 

1/1,024+ 

240 

1/1,024 + 

1/1,024 + 

1/1,024+ 


* Undiluted toxin, pH 7.2, exposed to 100-watt Mazda light at 20 cm. 


Gram-positive bacteria are more susceptible to photoseiisitization than 
are Gram-negative species. In fact, eosin, mercurochrome, and meth¬ 
ylene blue photodynamically inactivate only Gram-positive organisms, 
whereas safranine acts only on Gram-negative species. The explana¬ 
tion for the differential action of dyes is unknown. 

The Nature of the Photochemical Process Involved. The 
actual mechanism involved in this phenomenon has not been worked 
out. Since photochemical reactions are probably complicated, further 
quantitative work is needed before accurate interpretations can be 
made. An explanation of the process involved has been offered in the 
extensive review by Blum (1932): 

In photosensitized reactions the sensitizing substance acts as the light ab¬ 
sorber, which, wliile remaining unchanged itself, brings about reactions of 
other components of the system wliich themselves are not affected by light. 
In accordance with the Grotthus-Draper absorption law, which states that 
only light which is absorbed can produce chemical change, the active radia¬ 
tion is limited to those wavelengths which are absorbed by the sensitizer. 

That there is some relationship betw’^een the sensitization phenome¬ 
non and the particular light rays which cause the various dyes to 
fluoresce has been noted by many investigators. For example, Hertel 
(1905) found that light of 518 mp destroyed bacteria and paramecia 
sensitized with eosin or erthyrosine, whereas 448 m/i did not. The 
former radiation lies within the absorption spectrum of these dyes, 
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whereas the latter does not. Likewise, Metzner (1924) observed an 
approximate correspondence of the active wavelengths to the absorp¬ 
tion spectrum for a number of dyes. Sometimes minor deviations were 
noted in the active radiation and the absorption of the dye in an 
aqueous solution. These differences were attributed to the fact that 
the absorption spectrum of certain dyes is shifted considerably toward 
the red by combination of the dye with the protoplasm of the cell. 
Under these circumstances it would be necessary to consider the absorp¬ 
tion spectrum of the dye-protoplasm-complex and not simply that of 
the dye in aqueous solution. Apparent deviations in some instances 
may be accounted for by a difference in the hydrogen-ion concentration 
within the cells and in the surrounding medium, since in certain cases 
the absorption spectrum is shifted by changes in the hydrogen-ion 
concentration. 

Oxygen is apparently necessary for the photosensitization process to 
take place. Bayliss (1924) believed the process was due to an activa¬ 
tion of oxygen or to an oxidation product of the dye. The failure of 
the process to take place in a vacuum or in an atmosphere of nitrogen 
further shows the important role of oxygen in this phenomenon. 
Additional support to the theory that photodynamic action involves 
a process of oxidation is presented by T^ung (1940). 

At this point it should be mentioned that Burge and Neill (1915) 
demonstrated that the fluorescent bacteria were less susceptible to cer¬ 
tain light rays than the nonfluorescent organisms. They attributed 
this difference to the ability of the fluorescent organisms to convert the 
destructive light rays into longer waves, thus dissipating the energy 
of the absorbed short waves, which would otherwise be spent in coagu¬ 
lating the bacterial protoplasm. 

ULTRAVIOLET RAYS 

That portion of the spectrum known as the ultraviolet is endowed 
with exceptional properties, and its physiological effect on bacteria 
and related substances will be discussed in some detail. 

Ward (1894), Strebel (1901), and other early workers in this field 
came to the conclusion that ultraviolet rays were an important factor 
in the reported lethal effects of sunlight on microorganisms, as well as 
light from artificial sources. At about the same time Barnard and 
Morgan (1903), working with the arc spectrum of carbon and certain 
metals, were of the opinion that the bactericidal action of light was 
restricted almost entirely to the region of the ultraviolet. In fact, 
the rays 3,287 A. and 2,265 A., or the range from the near-visible violet 
to the extreme ultraviolet, were found to be the most lethal for the six 
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species of bacteria studied. General confirmation of these results is seen 
in the work by Browning and Russ (1917), Bayne-Jones and Van 
der Lingen (1923), Coblentz and Fulton (1924), Eidinow (1926, 1927), 
Newcomer (1917), Prudhomme (1938), Whisler (1940), and many 
others. The general findings reported by all thase investigators are 
quite consistent in showing the most effective wavelengths as beginning 
at about 3,000 A. and extending down to about 2,000 A. The highest 
efficiency was found in the general region of 2,300 A. to 2,750 A., with 
2,650 to 2,660 A. being the most bactericidal of all. 



Fig. 2. a ~ Curve of Incident Energies Involved in the Destruction of 50 Per 
Cent of Escherichia coli. B — curve of the reciprocals of A. (From Gates, 1930.) 


The work by Gates (1929,1930) has added a great deal to our knowl¬ 
edge concerning the bactericidal action of ultraviolet light. He used 
a quartz-mercury-vapor lamp as a source of radiation and a thermo¬ 
pile and galvanometer for the energy measurement. To separate and 
focus the specific wavelengths required, he used a large quartz mono¬ 
chromator of special design and a system of quartz lenses. Staphy^ 
lococcus aureus and Escherichia coli were employed as the test organ¬ 
isms, being streaked over the surface of hardened agar Petri plates. 
To prevent the spreading of colonies and to facilitate colony counting, 
a second thin layer of melted agar was placed over the surface of the 
plate immediately after exposure and before incubation. The ultra¬ 
violet rays chosen for study were chiefly in the range of 2,253 A. to 
3,126A. The amount of energy required to kill 50 per cent of the 
organisms was determined for the various wavelengths in this region. 
The results for E. coli are presented in the form of a graph in Fig. 2 
from the work of Gates (1930). The incident energy required to kill 
is less between 2,600 A. and 2,700 A. than in any other portion of the 
spectrum. Some of the actual figures given by Gates are 88 erg/mm.^ 
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at 2,675 A., 3,150 erg/mm.^ at 3,020 A., and 25,000 erg/mm.^ at 
3,126A. Since the curves show a general similarity to those for 
monomolecular reactions, some mention should be made of their sig¬ 
nificance. Taking into consideration variations in susceptibility of 
individual organisms, due especially to age and metabolic activity. 
Gates believed that the typical curve could best be interpreted ^^as 
one of probability.” Furthermore, the simple conclusion that the 
shorter the wavelength of ultraviolet light, the greater is the bactericidal 
action is in error. 

The hydrogen-ion concentration of the environment had no effect on 
the bactericidal action of the light between the limits of pH 4.5 and 7.5. 

The action of ultraviolet light on a number of bacteria, including 
Escherichia coli, Serratia marcescens, Psevdomonas aeruginosa^ Staphylo^ 
coccus aureus, Corynebacterium diphtheriae, and Vihno comma, was 
studied by Ehrismann and Noethling (1930, 1932). The highest sensi¬ 
tivity for most of the organisms occurred at about 2,650 A.; excep¬ 
tions to this were E, coli (2,510 A.) and <S. marcescens (2,801 A.). The 
energy required for killing 1 to 10 per cent of the cells of the various 
bacteria at 2,650 A. ranged from 29 to 60 erg/mm.^, and the value 
obtained at 90 to 100 per cent killing for E. coli was 174 erg/mm.^ 

Further quantitative experiments were carried out by Wyckoff 
(1932), using E. coli as a test organism. When the survival ratios for 
six wavelengths ranging from 3,132 A. to 2,536 A. were plotted on semi- 
logarithmic paper, they were found to fall along a straight line. By 
comparing the results obtained in the ultraviolet region with his 
previous studies on X-rays, Wyckoff noted that the energy required 
for killing in the ultraviolet was about 100 times greater than that 
required for the X-ray region. 

Duggar and Hollaender (1934) observed very little difference in re¬ 
sistance between vegetative cells and spores of Bacillus subtilis and 
Bojcillus megatherium when exposed to ultraviolet light (2,650 A.). 
Her6ik (1937) in a similar study found that it required about twice as 
much incident energy to kill the spores as the vegetative cells of B, 
megatherium. These experiments are particularly interesting, since 
they demonstrate that there is little relation between light resistance 
and heat resistance of vegetative cells and spores. 

Quantitative experiments on the bactericidal effect of ultraviolet 
light by Dreyer and Campbell-Renton (1936) and Hollaender and 
Claus (1936) have added further information to this subject. 

When bacterial spores are radiated with ultraviolet light, especially 
in the Schumann region between 1,250 and 1,600 A., they become sensi¬ 
tized in some way, so that they are more easily destroyed by heat [Cur- 
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ran and Evans (1938)]. According to Rouyer and Servigne (1938), the 
most bactericidal region of the ultraviolet spectrum is at 2,650 A. 

Sharp (1939) tested ten species of bacteria for their resistance to 
short ultraviolet rays (85 per cent 2,537 A.) and the energy necessary 
to reduce each to a 10 per cent survival ratio. The results summarized 
in Table 2 indicate that the resistance to 2,537 A.-rays of the several 
species of bacteria was not only of the same order of magnitude but 
that a spore-forming organism (Bacillus anthracis) was only about two 
and three-fourths as resistant as the least-resistant bacterium, Shigella 
paradysenteriae. 

The effect of ultraviolet radiation (2,573 A.) on the viability, stain¬ 
ing properties, virulence, and immimizing power of tubercle bacilli has 
been studied by Smithbum and Lavin (1939). Heavy suspensions of 
human tubercle bacilli (1 mg. per milliliter) required at least 10 
minutes' exposure to render them nonviable. The organisms killed 
by such light retained their acid-fast property. Cells which had been 
irradiated for a short time, but not killed, still possessed the capacity 
of inducing immunity in laboratory animals, whereas those organisms 
killed by extended exposure no longer retained this power. 

The most quantitative study which has appeared to date on the 
bactericidal effect of ultraviolet radiation is that of Rentschler, Nagy, 
and Mouromseff (1941). These workers have described a simple 
method for uniformly seeding the surfaces of Petri plates with bacteria 
and other microorganisms. This point had not been controlled in 


TABLE 2 

Incident Energy at 2,537 A. Necessary to Kill 90 Per Cent of Several 

Species op Bacteria 


[From Sharp (1939)] 


Incident Energy, erg/mm.^ 
Organism * for 90 Per Cent Killing 


Bacillus anthracis (mixed spores 


and vegetative forms) 452 

Corynehacterium diphtherias 337 

Staphylococcus aureus (hemolytic) 260 

Escherichia coli 245 

Serratia marcescens 220 

Streptococcus pyogenes 216 

EbertheUa typhosa 214 

Streptococcus salivarius 200 

Staphylococcus aUbus 184 

Shigella paradysenteriae 168 


* Cultivated on plain or blood agar at pH 7.4. 
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many of the earlier reports. An integrating ultraviolet meter, which 
responds only to the bactericidal wave band, was also devised. With 
this instrument it is possible to eliminate errors in exposure due to 
fluctuations in light intensity and likewise to control the nature of the 
emitted radiation. Although the original paper should be consulted 
for many interesting experiments, the following points briefly sum¬ 
marize the data. The various bacterial species studied show widely 
different resistance to ultraviolet radiation at different stages of the 
population cycle. A sublethal dose of radiation retards the rate of 
colony development. The relation between the amount of ultraviolet 
radiation and the percentage of bacteria killed in a given culture is 
determined by the distribution of bacteria of varying resistance to the 
radiation and is not due to the probability of hitting a vital spot in a 
given organism by a photon (see also the discussion of X-rays, pp. 160 
to 164). 

Bacterial Antigens and Agglutinins. Very little work seems to 
have been done on the effect of ultraviolet on the antigenic properties 
of bacteria and their agglutinins. 

Baroni and Jonesco-Mihaiesti (1910) found that, when horse antichol¬ 
era serum was exposed to ultraviolet light, it became inactive after 
about 20 minutes; and Heuer (1922) studied the rate of titer decrease in 
typhoid, paratyphoid B, and cholera antisera during irradiation with 
ultraviolet. Exposure for 1 to 6 minutes seemed to increase the anti¬ 
genicity of certain strains of meningococci; whereas extended irradiation 
decreased their ability to produce agglutinins, according to Eberson 
(1920). Hassk6 (1930) found that bacteria of the typhoid-dysentery 
group lost some of their specific agglutinability when irradiated with 
ultraviolet rays for a short time. Reference should again be made to 
Smithbum and Lavin^s (1939) study of the tubercle bacillus. Brief 
exposure did not destroy the antigenic properties of the organism, 
whereas, if the irradiation was continued until the bacteria were killed, 
no protective antibodies were produced when the bacteria were in¬ 
jected into laboratory animals. 

Bacterial Toxins and Antitoxins. The rapid inactivation of 
dipthcria toxin by ultraviolet light was observed by Baroni and Jonesco- 
Mihaiesti (1910) and Hartock, Schurmann, and Stiner (1914). The 
toxic and antigenic properties, as well as the ability to unite with 
antitoxin, were destroyed by exposure to these rays. More recently 
Welch (1930) has observed that purified diphtheria toxin is inactivated 
more quickly than is a crude filtrate when exposed to the rays of a 
carbon arc. This difference has been attributed to the fact that the 
crude broth filtrate contains materials which offer some protection to 
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the toxin by screening some of the destructive rays. Repetto (1940) 
reported that diphtheria toxin, toxoid, and antitoxin were destroyed 
by irradiation with ultraviolet light. 

A number of papers have also appeared on the inactivation of 
tetanus toxin by ultraviolet. Thus Courmont and Nogier (1909) found 
tetanolysin to be rapidly inactivated either in the presence or the 
absence of oxygen. In a later report the same year they showed that 
undiluted broth containing crude tetanus toxin required about 2^ 
hours^ exposure for inactivation, but, if some of the original material 
was diluted 1 : 2,000 with distilled water, it became detoxified after 
exposure for only a few minutes. These observations were confirmed 
and extended by Cemovodeanu and Henri (1909). Such facts are very 
interesting, especially since oxygen is essential for the rays of the visible 
spectrum to bring about their destructive action in the presence of 
certain dyes. To explain the detoxifying action under anaerobic con¬ 
ditions it has been suggested that the ultraviolet rays may release 
oxygen from water or other compounds, thus bringing about some 
indirect oxidative reaction, but this does not seem to be the whole 
answer. This subject Is discussed more in detail on pp. 159 to 160 on the 
method of action of ultraviolet light. More recently, Schubert (1928) 
has observed little difference between the lability of dried and dissolved 
tetanus toxin upon exposure to such radiation. 

Other reports have been published [see Miley (1942), Blundell, Erf, 
Jones, and Hoban (1944)] on the ability of ultraviolet rays to destroy 
bacterial toxins, but, since the results are somewhat controversial, 
they will not be discussed further. The original reports should be 
consulted for details. 

The inactivation of antitoxins by ultraviolet light has received little 
or no attention. Baroni and Jonesco-Mihaiesti (1910) and Scott (1911) 
observed that diphtheria antitoxin was destroyed by ultraviolet, but 
no recent experiments seem to have been reported. 

Complement or Alexin. The nonspecific substance, complement, 
present in all normal sera, which is not increased in amount as the re¬ 
sult of immunization, has received a great deal of attention from the 
bacteriologist, the immunologist, and the chemist. Thus the effect 
of ultraviolet radiation has not gone unnoticed. 

By exposing dilute guinea-pig serum (1 per cent in 0.9 per cent 
saline) in a layer 1.5 mm. deep to the light of a quartz-mercury arc at 
16.5 cm., its complement was inactivated in 40 to 60 seconds, whereas 
it required 17 to 20 minutes to inactivate the complement in the undi¬ 
luted serum [Baroni and Jonesco-Mihaiesti (1910)]. It would seem 
from the experiments of Friedberger (1914) that the complement of 



158 EFFECTS OF PHYSICAL AGENTS ON BACTERIA 

dried and powdered serum is more stable than complement in solution, 
since he was unable to bring about an inactivation of the complement 
of dried and powdered serum even after long exposure to ultraviolet. 
Many workers have observed that complement partially inactivated 
by heat may regain its activity. With this in mind Brooks (1920) 
partially inactivated a number of sera with heat and ultraviolet 
radiation but found no evidence whatsoever of regeneration in those 
sera exposed to the ultraviolet. The complementary action of fresh, 
unheated serum depends on the interaction of a number of separ¬ 
ate components rather than a single chemical substance. At least 
four components are now recognized. The fraction of complement 
which is precipitated with the globulin is .known as ^^mid-piece,"' 
more recently designated as C'l, and the residual fluid containing 
albumins is called the ^^end-piece’^ (C'2). Both these fractions are 
inactivated by heat. The other two parts are spoken of as the third 
and fourth components, or C'3 and C'4, respectively; both are heat- 
stable. The first two fractions have been the subject of much study, 
from which it seems probable that the mid-piece is more sensitive 
to light than the end-piece. Schubert (1928, 1931) made a very careful 
fractionation and observed that the mid-piece retained less than 3 per 
cent of its activity when given an exposure to ultraviolet which left 
the end-piece unharmed. The photolability of the third and fourth 
components apparently has not been studied. 

Miscellaneous Substances, The action of ultraviolet light on 
several other substances has been studied. For example, ultraviolet 
rays interfere with bacterial luminescence (Achromobacter fificheri)^ the 
decrease in total liuninescence being proportional to dosage [Giese 
(1941)]. Dilute tuberculin was found to be inactivated by ultraviolet 
of less than 3,250 A. in about 2 hours [Hausmann, Neumann, and 
Schuberth (1926)]. The ability of a substance such as normal serum 
or antiserum to induce anaphylactic shock in sensitized animals is 
reduced by treatment with ultraviolet, but it seems to be one of the 
more resistant substances in serum. Prccipitins in the form of rabbit 
anti-egg-white serum were inactivated in a few hours by such rays of a 
quartz-mercury arc lamp [Doerr and Moldovan (1911)]. Bacterio¬ 
phage, antibodies in the form of hemolytic amboceptor and bacterioly- 
sins, the Wassermann antigen, and other immunological substances 
have been the subject of irradiation studies [see Brooks (1936) for a 
detailed discussion]. The most effective wavelength for the inactiva¬ 
tion of yeast is around 260 mfx, and some 500 ergs/mm.^ produces 50 
per cent reduction in viable cells [Landen and Uber (1939)]. The 
spores of Trichophyton mentagrophytes are destroyed when exposed to 
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ultraviolet light (253.7 to 265 m/i), according to Hollaender and 
Emmons (1939). They found that it takes approximately 7 X 10“^ 
ergs to obtain 50 per cent inactivation of these spores, as compared 
with 8 X 10~® ergs for certain bacteria. Certain enzymes and some 
viruses have also been subjected to ultraviolet raxiiation. All viruses 
so far examined in purified or semipurified preparations have been 
found to be inactivated by this agent. Although suflScient data 
are not available to draw any definite conclusions, it seems that 
viruses require about the same energy for inactivation as bacteria. 
The inactivation seems to be of a rather mild type, however, since 
some of the physical, chemical, and serological properties are retained 
after inactivation [see Stanley (1938)]. Hodes, Webster, and Lavin 
(1940) have used ultraviolet light (2,537 A.) in preparing nonvirulent 
antirabies vaccine. Less than 1 hour^s exposure to such radiation 
rendered the vaccine nonvirulent without destroying the immunizing 
potency for mice. Taylor and his associates (1941) have also studied 
the effects of ultraviolet light (2,537 A.) on equine encephalomyelitis 
virus protein (eastern strain). They observed that the rate of inacti¬ 
vation of infectivity was of the same order of magnitude as the destruc¬ 
tion of Serratia marcescens under similar conditions. Inactivation by 
such light did not affect the sedimentation pattern or constant of the 
virus protein. 

The practical use of ultraviolet light for destroying harmful bac¬ 
teria in milk [Ayers and Johnson (1913)], drinking water [Thresh and 
Beale (1910), Schroeter (1912)], swimming pool water, and hydrocoolers 
[Smith and Perry (1941)] has been suggested, but it has not been gen¬ 
erally used because of its expense and for several other reasons. Re¬ 
cently interest has been revived in such problems as the sterilization of 
air by ultraviolet light as a protection against air-borne infections 
[see Sharp (1939), Wells (1940), and Whisler (1940)] and the destruc¬ 
tion of organisms on glassware [Tanner and Appling (1941)]. 

Mention should be made of the fact that a great many studies have 
been carried out on the effect of ultraviolet irradiation in vivo. Whether 
irradiation of animals has any direct or indirect consequences upon the 
immune properties of their blood plasma is a debatable topic which 
will not be discussed. 

Method of Action of Ultraviolet Light. The mode of action of 
ultraviolet light is not known at the present time, although a number 
of workers have theorized concerning its mechanism. 

For a time it was thought that some oxidizing substance, such as 
ozone, was produced during irradiation and that tliis would account for 
the bactericidal properties of the light. The formation of an oxidizing 
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agent by ultraviolet irradiation would be in partial accord with the 
action of the visible spectrtun in the phenomenon of photosensitization, 
where oxygen is apparently essential. On the other hand, Thiele and 
Wolf (1906, 1907), Buchholz and von Jeney (1935), and others have 
proved definitely that ultraviolet light is lethal under anaerobic con¬ 
ditions, so such oxidizing substances cannot account for the action. 
The generation of hydrogen peroxide in lethal quantities has been 
offered as an explanation, but, as brought out by Ehrismann (1930), 
it would require a concentration of 30 per cent in the medium or cell to 
account for the lethal action of the light. 

The fact that these rays inactivate cellular products, such as enzymes, 
toxins, and antibodies, as well as organized cells, would tend to indicate 
that possibly some general physico-chemical change takes place. In 
support of this theory is the work of Gates (1930), Ehrismann and 
Noethling (1932), and Hollaender and Claus (1936). Their work shows 
that the destructive action is due to the alteration of certain molecular 
groupings in the cell or its products, which have a high specific absorp¬ 
tion spectra for ultraviolet light. In this connection we can state 
that the sensitivity curve of microorganisms to ultraviolet radiation 
shows a striking similarity to the absorption curve of certain proteins. 
Since it is a well-known fact that exposure of albumins and globulins, 
as well as other proteins, to ultraviolet light brings about a change in 
the solubility or denaturation [see Spiegel-Adolf (1939)], it is possible 
that some such change takes place in the bacterial cells. Further proof 
is given by the fact that photographs of microorganisms killed by 
ultraviolet radiation reveal that cellular coagulation has taken place. 

From this brief discussion it would seem that the denaturation of 
proteins is the most logical explanation for the mode of action of ultra¬ 
violet light on bacteria and their products. However, the action has 
been attributed to changes in the suspending material, to changes in the 
permeability of the cell wall, to an alteration in the enzymes within the 
organism, to a disruption of the colloidal structure of the cytoplasm, 
and to an alteration in the nucleus or material which controls cell 
division. Probably the mode of action is complex, involving several 
or all of these factors. For interesting discussions of the nature of the 
bactericidal action of ultraviolet and other radiations the papers by 
Henshaw (1940) and Lea, Haines, and Bretscher (1941) should be 
consulted. 

X-RAYS (ROENTGEN RAYS) 

Although the literature on this subject is quite extensive, there are 
but few quantitative studies which permit of any definite conclusions 
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concerning the action of X-rays on bacteria and their products. Most 
of the early workers believed that X-rays had little effect on bacteria 
[Minck (1896), Wittlin (1896), Dozois, Titsler, Lisse, and Davey 
(1932)], the agglutinins for Eberthella typhosa [Fiorini and Zironi (1914, 
1915)], or Salmonella pullorum [Lusztig (1929)], the Wassermann anti¬ 
gen [Brann (1925)], amboceptor [Konrich (1925)], complement [Fiorini 
and Zironi (1914), Merlini (1929)], rabbit anti-horse-serum precipitins 
[Lusztig (1929)], diphtheria toxin [Gerhartz (1909)], tetanus antitoxin 
[Lusztig (1929)], and other related substances. The reasons for these 
negative results were, possibly, that the dosage was too small, too many 
bacteria were used, or the various titration techniques were not sensi¬ 
tive enough to detect a slight change in the material. 

While these negative results were being reported, data began to 
accumulate which showed that X-radiation does have some harmful 
action on microorganisms and their products. Rieder (1898, 1902) 
exposed Escherichia coliy Bacillus anthracis, Staphylococcus aureus^ 
Corynebacterium diphtheriae, and other organisms on agar and gelatin 
plates to Roentgen rays and observed a definite killing after irradiation 
intervals of 20 to 30 minutes at a distance of 10 to 12 cm. When the 
organisms were suspended in broth 5 mm. deep, the results were not 
so clear-cut, Clark and Boruff (1929) observed that X-rays act like 
other sterilizing agents on E, coli and Serratia marcescens in that the 
death-rate curves were logarithmic with respect to time. The lethal 
effect of hard Roentgen rays on typhoid bacilli was demonstrated by 
Forfota and Hdmori (1937). Dietz (1935) studied the volume-increase 
of bacteria during X-radiation and estimated the total volume of 
coliform cell to be 0.75 cu. m under normal conditions but increased to 
2 cu. M after a short irradiation. Schubert (1928) reported a slight 
inactivation of complement in 1 hour by exposure to X-rays, and 
Lusztig (1929) observed some destruction by doses ranging from 
0.5 to 4.0 H.E.D. (Haut-Erythema-Dosis). One H.E.D. was defined 
as 9 minutes’ irradiation at 28 cm. through 0.5 mm. of zinc from a tube 
operating at 200 kilovolts (kv.) and 4 milliampercs (ma.). Lusztig 
was able to demonstrate also about two-thirds inactivation of the anti¬ 
body hemolysin by 3 H.E.D, 

Any further review^ of the early literature on this subject seems super¬ 
fluous, since it has already been done by Klovekom (1925), Pugsley, 
Oddie, and Eddy (1935), Lea, Haines, and Bretscher (1941), and 
Lorenz and Henshaw (1941), A few results of the more recent studies, 
however, will be mentioned. Wyckoff exposed freshly inoculated 
plate cultures of E. coli and Salmonella typhimurium to X-rays in the 
range between 4 A. and 0.5 A. The radiation was obtained from a 
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tungsten tube operating at about 4 ma. and 34 kv. or by the K-radiar 
tion of copper or silver. After 20 seconds^ exposure to filtered copper 
radiation only about 20 to 33 per cent of the organisms were dead, but 
after 2 minutes 80 to 90 per cent were killed. Destruction occurred in a 
semilogarithmic fashion but at a slower rate than with cathode rays. 
Within limits of experimental error there was no difference between 
the sensitivity of S. typhimurium and E, coli when exposed to X-radia- 
tion. According to Wyckoff, only about one in 15 to 20 of the absorbed 
quanta of these radiations proved lethal. The course of the curve 
from these results suggests that the sensitive cell constituents whose 
destruction leads to the death of the cell have a volume of 0.01 to 0.06 
of the bacterium itself. Such reasoning, however, must be accepted 
with some caution, and no general conclusions as to the biological 
effectiveness of Roentgen rays can be drawn from a single series of 
experiments [Mohler and Taylor (1935)]. 

Pugsley, Oddie, and Eddy presented quantitative results which 
show that Sarcina lutea and E. coli are not sensitive to the same degree 
when exposed to the X-rays of wavelength 0.25 to 2 A. When freshly 
inoculated plates were exposed to the X-ray beam, the bacteria died 
in an exponential manner, providing a correction factor was introduced 
to account for the lack of uniformity of the radiation. Irradiation of 
bacterial colonies gave a different type of death-rate curve. 

A study on the lethal and dissociative effects of X-rays on Staphylo¬ 
coccus aureus and Serratia marcescens was conducted by Haberman and 
Ellsworth (1940), They found that the cells were killed in a logarithmic 
manner. Lea, Haines, and Bretscher (1941) have reported on the 
bactericidal action of X-raj’^s, neutrons, and radioactive radiations for 
E, coli and spores of Bacillus mesentericus. They showed that the 
survival curves are exponential and that the lethal dose is independent 
of the intensity of the radiation and of the temperature during irradia¬ 
tion. They believe the lethal action of radiation is due to the produc¬ 
tion of lethal mutations and deduce that the number of “genes'' in 
E, coli is of the order of 1,000. Lorenz and Henshaw (1941) recorded 
experiments in which the survival curve for Achromobacier fischeri, 
after treatment with 200-kv. X-rays, was found to be of the exponential 
type. Another interesting study is that of Whelden, Enzmann, and 
Haskins (1941). They observed the influence of graded X-ray doses 
upon nitrogen fixation and respiration by three species of Azotohacter 
by means of the Warburg method. It was found that nitrogen fixation 
decreases approximately linearly with increasing X-ray doses. Respira¬ 
tion, in contrast, was affected only indirectly through some inhibition 
of cell multiplication. 
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Blank and Kersten (1935) have demonstrated that the action of soft 
X-rays on agar or agar-water gel alters the agar in such a way as to 
render a medium subsequently made from that agar unsuitable for the 
growth of Bacillus suhtilis. Thus investigators who irradiate organisms 
on the surface of agar media must differentiate between the direct action 
of the radiation on the organisms and the indirect action of the radia¬ 
tion on the agar. 

Certain of the viruses, bacteriophages, and enzymes have also been 
irradiated with X-rays. For example, Beckwith, Olson, and Rose 
(1929-1930) found four out of seven strains of coliphage to be unaffected 
by X-radiation, but it is possible that the purified bacteriophage pro¬ 
teins might be affected. Friedewald and Anderson (1940) studied the 
factors which influence the inactivation of the rabbit papilloma virus 
by X-rays and reported that extremely large doses [million roentgen (r.) 
units] are necessary for complete inactivation. Syverton, Harvey, 
Berry, and Warren (1941) found that virus-induced papillomas on 
domestic rabbits permanently disappeared when treated with Roentgen 
rays (dosage 3,600 r., 200 kv.). Other viruses have also been studied by 
several workers. Dale (1940) studied the X-ray inactivation of crys¬ 
talline cocarboxypeptidase and partially purified polyphenol oxidase. 

The X-ray incident either passes through a cell without altering it 
or else gives up one or more quanta whose energy content is comiected 
with the wavelength X of the rays through the relation 

E ^ hv = h- 
c 

where h is Planck’s constant (6.55 X 10“^^ erg sec.), v is the frequency 
of the rays, and c is the velocity of light (2.99 X 10^^ cm. sec.""^). It 
is known that as a result of such an absorption a high-velocity electron 
is liberated. This electron gives rise to a chain of ions in the matter 
through which it passes and to X-rays which, in their turn, liberate 
more ions of less and less energy. The alterations which X-rays produce 
in protoplasm are identified with the physico-chemical changes in¬ 
duced by this ionic shower. 

Further research will have to be carried out to determine whether 
the mode of action of X-radiation can be explained by chance (that 
is, a bacterium has a definite chance of being hit and killed by a single 
quantum or electron or by two or more consecutive quanta); by the 
fact that the ^‘genes’’ of bacteria are altered and lethal mutations are 
formed; by the ^'resistance” theory, which assumes that there is a 
distribution of resistance among bacteria; or by differences in the meta¬ 
bolic rate and an increased water content in the cell. For interesting 
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discussions of the mechanism of the bactericidal action of radiations 
the papers by Henshaw (1940), Lea, Haines, and Bretscher (1941), 
and Lorenz and Henshaw (1941) should be consulted. 

CATHODE RAYS 

In 1925 Coolidge irradiated bacteria with high-voltage cathode rays. 
An exposure for 0.1 second was sufficient to kill even the highly resistant 
spores of Bacillus subtilis. A study of the rate of killing of Escherichia 
coli, Salmonella typhimuriumy and Staphylococcus aureus by cathode 
rays was carried out by Wyckoff and Rivers (1930). Freshly inoculated 
agar plates were bombarded with a known number of cathode rays, and 
after incubation the number of survivors was determined by counting 
the colonies of bacteria on the plates. The cathode rays were generated 
in a Coolidge-type electron tube, and the velocity of the emitted elec¬ 
trons increased with the voltage applied to the tube. For this study 
approximately 155 kv. was used, and the velocity of the electrons was 
in the order of 0.8 of the velocity of light. Since the absorption of a 
15Q-kv. electron in inanimate matter is attended by the release of a 
large number of ions—10^ ions within less than 0.001 ml.—it is postu¬ 
lated that any changes brought about in the bacterium by cathode rays 
are caused by the absorption of electrons and the subsequent shower 
of ions freed by such electrons. Such an ionic shower is lethal for 
bacteria but may cause only injury in larger cells, such as those of yeast 
[Wyckoff and Luyet (1931)]. Destruction of the bacteria was semi- 
logarithmic in nature, and after 20 seconds^ exposure approximately 90 
per cent of the organisms were dead. From the shape of the survival 
curves it is concluded that the absorption of one electron is sufficient 
to kill a bacterium. 

Buchwald and Whelden (1939) have been able to show that, when 
spores of Aspergillus niger are irradiated with cathode rays of certain 
energies and densities and subsequently cultured on potato-maltose 
agar, they are definitely stimulated. Earlier and more rapid swelling 
and a higher percentage of production of germ tubes have all been found 
in the irradiated samples, as compared with the controls. These stimu¬ 
lative effects were observed only at relatively low cathode-ray energies 
of the order from 1.5 to 3.0 kv. 

EMANATIONS FROM RADIOACTIVE ELEMENTS 

The radiations emitted by radioactive elements, such as uranium, 
thorium, radium, polonium, and actinium, are complex. Such radia¬ 
tions consist, usually, of three types, known as alpha-, beta-, and 
gamma-rays. It is not always easy to dissociate the effect of the three 
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types when a radioactive substance is acting upon a bacterial cell or 
tissue. They do exhibit differences, however, as the following discus¬ 
sion will show. 

The alpko^rays {a-^particles) have been shown to consist of positively 
charged helium atoms ejected at high velocities from radioactive ele¬ 
ments. The average velocity of these alpha-particles from various 
radioactive substances is about 0.1 that of light. Such particles affect 
a photographic plate, cause many bodies to fluoresce brilliantly, and 
have a very intense ionizing power. Their penetrating capacity is 
quite weak; in fact, they are stopped by a thin layer of glass, aluminum, 
or even paper. 

The betchrays (fi-particUs) consist of high-velocity particles with a 
negative charge emitted by radioactive substances. Compared with 
alpha-particles, they are less active photographically, their fluorescent 
action is less brilliant, and their ionizing power is not so great. The 
beta-particles are capable of penetrating thin glass,aluminum (0.1 mm.), 
or liquid before being completely absorbed, but they can be screened 
off by 5 mm. of aluminum or 1 mm. of lead. 

The gamma-rays (y-rays) are truly electromagnetic waves analogous 
to X-rays but of shorter wavelengths. Such rays are not so active 
photographically as the alpha- and beta-particles, and their fluorescent 
and ionizing powers seem to be less intense. The penetrating ability 
of the gamma-rays is much greater than that of the alpha- or beta- 
particles and corresponds to that of the very hard type of X-rays. 

Since it is well known from a physical standpoint that only those 
rays which are absorbed can exert destructive effects, it can be assumed 
that gamma-rays have only slight destructive action on bacteria and 
their products. Such has been found to be the case by Chambers and 
Russ (1912), Bruynoghe and Mund (1926), and others. 

In 1899 Pacinotti and Porcelli [see Spencer (1934)] made the first 
attempt to determine the effect of radiations from a radioactive ele¬ 
ment upon bacteria. They exposed several different species to prepara¬ 
tions of uranium powder and reported that the organisms were killed 
within 24 hours. Strebel (1900) exposed Serratia marcescens on agar 
to rays from 20 mg. of radium under various conditions of screening. 
After different periods of irradiation the degree of growth was compared 
with that of nonirradiated cultures. In general, the preparations ex¬ 
posed to such radiation were inhibited. These observations with 
radium and its salts received confirmation and extension by the experi¬ 
ments of many workers, especially those of Pfeiffer and Friedberger 
(1903), Dixon and Wigham (1903), Strassmann (1904), Dorn, Bau¬ 
mann, and Valentiner (1906). On the other hand. Van Beiiren and 
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Zinsser (1903) and Prescott (1904) found radium rays to have little 
or no effect on several species of bacteria which they studied. The 
consensus of these early studies indicates that the alpha- and beta- 
particles from radioactive substances arc capable of inhibiting and, 
if of sufficient intensity, of stopping the growth of cultures of various 
microorganisms. The gamma-rays have some physiological action, 
but it is not so great as that of the alpha- and beta-emanations. It is 
difficult to determine from these experiments, however, the amount 
of radiation actually required to produce lethal effects. 

Most of the early experiments were made with bacteria growing on 
culture media. Chambers and Russ (1912) suspended their organisms 
in distilled water and thus avoided any possible action of the rays upon 
the medium. Such suspensions of StapJujlococcus aureus^ Escherichia 
eolif Pseudomonas aeruginosa, and Mycobacterium tuberculosis were 
exposed either to a known concentration of radium emanation or a 
definite intensity of beta-rays. At various time intervals some of the 
suspension was removed from the influence of the radiation and plated 
on agar. The gradual bactericidal effect upon these bacteria was then 
determined. 

Lacassagne and Paulin (1925) determined the relative susceptibility 
of over 20 different bacteria to beta-rays, but their procedure of esti¬ 
mating a sterilized zone around the colonies on agar plates is not an ac¬ 
cepted quantitative method. According to Bruynoghe and Mund 
(1925), gamma-rays have no lethal action on bacteria but the alpha- 
and beta-rays are distinctly bactericidal. Von Schroettcr (1927) 
studied the action of radium on several microorganisms and observed 
some interesting morphological changes. Bacilli and cocco-bacilli 
tended to elongate and became filamentous, whereas cocci increased in 
size more or less equally in all diameters. Spirochetes did not change 
in size and remained motile until just before death. 

The effects of gamma-rays on Staphylococcus aureus, Escherichia coli, 
and Bacillus mesentericus were considered by Klovekorn and Gaertner 
(1928). For the experiments 15 mg. of radium filtered through 1.0 mm. 
of brass was hung 5 mm. above the plate cultures. After 4 hours^ irradi¬ 
ation there was a decrease of growth, but the bacteria were not killed. 
Even when the organisms were exposed to 70 mg. of radium for 48 
hours, or 3,360 mg.-hr., they were not all killed. Spencer (1934, 1935) 
introduced metal needles, emitting beta- and gamma-rays, into tubes 
of broth inoculated with Eberthella typhosa, Proteus X 19, and Strepto¬ 
coccus pyogenes and then incubated the tubes at 37 ®C. Growth was 
retarded for a short time, but by 24 hours it equalled that in the control 
tubes. Sometimes filamentous forms or long-chained streptococci 
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were observed after continued daily transfers in the presence of such 
radiation. When the cultures were irradiated at 0°C., they died 
within a few days. 

A quantitative study of the destructive effects of the beta-rays of 
radium on several bodies was made by Baker (1935). The compara¬ 
tive resistance of bacteria, viruses, and ferments was estimated and 
compared with the data of other workers. A summary of the findings 
is presented in Table 3. 


TABLE 3 

Comparative Resistance of Various Bodies to Beta-Rays 
[From Baker (1936)1 

Time of Exposure, 


Body 

hours 

Escherichia coli 

1 * 

Staphylococcus aureus 

2.5 

Vaccinia 

1-3 

Bacteriophage 

5 

Rous sarcoma No. 1 (filtrate) 

5-10 

Tetanus toxin 

9 

Bacillm anfhracis (spores) 

20 

Hemolytic amboceptor 

100 

Guinea-pig complement 

130 

Trypsin 

250 

Lysozyme 

250 

Pepsin 

9,000 

Inverta.se 

15,000 


* Time of exposun3 for Escherichia coli taken as unity. 


Dozois, Ward, and Hachtel (1936) found that gamma-rays of radium 
with wavelengths of approximatel}'^ 0.06 to 0.002 A. reduced the elec¬ 
trophoretic migration velocity of suspensions of E, coli. The rays were 
emitted from 70 mg. of radium at a distance of 1.25 cm. from the sur¬ 
face of the suspension in dosages of from 70 to 2,940 mg.-hr. 

Lea, Haines, and Coulson (1936, 1937) made a study of the action 
of alpha-particles from polonium, beta-particles from radon, and 
gamma-rays emitted by radium on E, coliy Staphylococcus aureus, and 
the spores of Bacillus mesentcricus. For exposure to the alpha- and 
beta-particles, which have shallow penetrating powers, a new technique 
was devised, whereby the organisms were suspended and held intact 
by gelatin films approximately 4 /x in thickness. This procedure 
worked very well for spores but was less efficient for use with vegetative 
cells. After various periods of exposure to the radiation the films were 
dropped into 5 or 10 ml. of sterile water at 37®C. and shaken for a short 
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time to dissolve the gelatin. Suitable dilutions were then plated in 
the usual manner and incubated at 37 ®C. Counts revealed that the 
organisms died in an exponential manner. The rate of disinfection by 
such particles was found to be independent of the temperature but 
proportional to the intensity of the radiation. No difference was ob¬ 
served between the effects of a divided exposure and a single exposure. 
There was little difference between the sensitivity of the three organ¬ 
isms to alpha-particles, but toward beta-particles B, mesentericus 
spores differed greatly from the other two bacteria. These workers 



Fig. 3. Production of Long Forms of Escherichia coli by y-Iiays from Radium. 

(From Lea, Haines, and Coulson, 1937.) 

concluded that the mode of action of alpha- and beta-particles can be 
explained best on the ‘^target hypothesis.^^ Such a hypothesis depends 
simply upon the assumption that there is a sensitive region within 
which the production of a small amount of ionization leads to death, 
whereas the production of a similar amount of ionization elsewhere in 
the organism does not have this effect. Secondary poisoning of the cell 
by chemical substances liberated in it by the radiation appeared to 
have no part in the lethal action. 

Contrary to some of the earlier studies, Lea, Haines, and Coulson 
demonstrated that gamma-rays are lethal for bacteria in aqueous sus¬ 
pensions. Death of the organisms occurred exponentially but at a 
much slower rate than when exposed to beta-radiation. Under certain 
conditions irradiation with gamma-rays produced abnormal forms 
similar to those previously noted by other workers. To illustrate 
this point, the mean lengths of fifty cells of Escherichia coli in the loga¬ 
rithmic phase of growth are plotted in Fig. 3. A quantitative analysis 
of the results led Lea, Haines, and Coulson to conclude that the produc- 
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tion of long forms is due to cellular division being inhibited, while 
growth, in the sense of increase in volume, is unaffected. More re¬ 
cently Lea, Haines, and Bretscher (1941) have studied the lethal effect 
of alpha-, beta-, and gamma-rays of radium, and neutrons (from a 
l,000,0(X)-volt generator) on E. coli and spores of Bacillus mesentericus. 
They found the survival curves in all cases to be logarithmic in char¬ 
acter. 

Miscellaneous Substances. The effect of radioactive emanations 
on substances related to bacteria has also been studied. 

Chambers and Russ (1911) showed that alpha-particles had some 
action on complement but that the beta- and gamma-rays were in¬ 
active. Exposure of serum complement to gamma-rays for 13 hours 
destroyed only about 8 per cent of its activity, and even after 46^ 
hours’ irradiation 52.9 per cent of its fixing power was still presept in 
the serum. Radium sulfate (1 /zg. per liter) inactivated diphtheria 
toxin in 10 to 43 days but had no effect on tetanus toxin in the same 
length of time, according to Fabre and Ostrovsky (1911-1912). How¬ 
ever, Muttcrmilch and Ferroux (1925) showed that beta-rays will inacti¬ 
vate tetanus toxin. Brann (1925) reported that radium bromide had no 
effect on the Wassermann antigen. 

Some of the viruses and bacteriophages have been exposed to such 
radiation by several investigators. Danysz (1906) bombarded the 
virus of rabies with beta- and gamma-rays from 20 mg. of radium 
bromide without observing any change in the virus; but Bruynoghe 
and Le F^vre de Arric (1925) claimed to have destroyed the virulence 
of the viruses of rabies, encephalitis, and herpes by radiations emitted 
by radon in a dose of 5 millicuries for 48 hours. The bacteriophage 
of typhoid still possessed its lytic action after 3 days’ contact with 
7 to 8 millicuries of radium emitting only gamma-rays, according to 
Bruynoghe and Mund (1925). 

MISCELLANEOUS RADIATIONS 

We are now' vaguely familiar with some of the effects obtained in 
bacteriology by the use of visible light, ultraviolet rays, X-radiation, 
and the rays emitted by radioactive elements. In general, it will be 
noted that all these form one continuous spectrum of electromagnetic 
waves, the various regions of which differ onl}?^ in w’avelength. Al¬ 
though the spectral band is continuous, there are still gaps which have 
not been investigated because of instrumental difficulties. Such gaps 
exist between the ultraviolet region and the X-rays and between near 
infrared and those weaves used in wireless and radio. However, with 
the improvement of the three-electrode vacuum tube, the second of 
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these gaps is now being rapidly filled. What action these regions will 
have on bacteria and other biological substances will have to await 
further study. The infrared spectrum supposedly has little or no 
direct effect upon bacteria, although it is known to have biological 
effects on other forms of life [Nelson and Brooks (1933)]. The effect 
of waves just above the infrared is limited because the present vacuum 
tube is unable to generate in adequate intensity electromagnetic waves 
of much less than 1 meter. On the other hand, the use of apparatus 
which generates wavelengths of over 100 meters is not applicable to 
simple bacteriological procedures. There is a region, however, between 
3.5 and 30 meters which shows some bactericidal action and has been 
used to a certain extent in clinical medicine in the treatment known as 
diathermy. This topic is given some consideration on pp. 197 to 198, 
dealyig with the effect of high-frequency electrical currents on bacteria. 

BACTERIA AS A SOURCE OF RADIATION (HEAT, FLUORESCENCE, 
PHOSPHORESCENCE, LUMINESCENCE, MITOGENETIC RAYS) 

Until now our discussion has centered principally on the harmful 
effects of electromagnetic waves upon bacteria. Now let us briefly 
consider living cells and tissues as a source of radiation. Heat radiation 
from organisms of all types is such a common phenomenon that it 
hardly needs to be mentioned. Although it has long been known that 
bacteria under special conditions may produce considerable heat, the 
factors influencing microbial thermogenesis in the decomposition of 
plant materials have recently been studied in some detail by Norman, 
Richards, and Carlyle (1941), Carlyle and Norman (1941), and by 
Wedberg and Rettger (1941). Space does not permit our discussing 
their results. Anyone who is interested in this subject should consult 
the original articles. The production of electricity by living cells is 
also quite well known. Although the voltage produced by certain 
organisms may be so low that it cannot be measured, others, such as 
the South American electric eel, may produce as much as 500 to 1,000 
volts and 200 watts. Fluorescence, another type of radiation from 
organisms (protozoa, green algae, and bacteria), is the transformation 
of light from that form which illuminates matter into that which 
radiates from it in such a way that it is of a different (greater) wave¬ 
length. Phosphorescence, a phenomenon which is practically synony¬ 
mous with luminescence and differs from fluorescence in that it con¬ 
tinues after illumination has ceased, is exhibited by many marine 
organisms. 

Luminescence. Light is produced by many organisms. In fact, 
Harvey (1940) reports that of the 17 phyla in the Animal Kingdom 
11 contain luminous forms and 1 is doubtful. Certain bacteria and 
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higher fungi are also luminous, and Harvey very appropriately speaks 
of luminous bacteria as ‘^the smallest lamps in the world/^ Luminous 
bacteria differ from ordinary bacteria only in that they possess ability 
to luminesce. Many different species of light-producing bacteria have 
been described. Morphologically they are rods, spheres, or curved 
rods. They can be easily grown on ordinary culture media under 
aerobic conditions. 

Luminous bacteria are so small that the light from a single bacterium 
cannot be seen by the naked eye or with the aid of a microscope. It 
takes a mass of many thousands to produce enough light to affect the 
retina, and the intensity of the light shows considerable variation. 
Harvey reports that bacterial colonies may have a light intensity of 
about 0.7 X 10“^^ international candle per square millimeter of colony. 
He also estimates that a single luminous bacterium has an intensity 
of approximately 1.9 X 10“^^ candles. By comparison, fireflies give 
values ranging from 1/1,600 to 1/150 candle. The brightness of the 
luminescence is more important than the intensity in candles. Accord¬ 
ing to Harvey, measurements of the light of the glowworm have been 
reported as 14.4 millilamberts (mL.) and of the firefly 45 mL., whereas 
a brightness of 23 to 144 microlamberts (mL.) has been observed 
for well-aerated bacterial suspensions in a vessel 2.7 cm. thick. To 
make these figures intelligible we can think of paper properly illumi¬ 
nated for reading as having a brightness of 4 mL. and the luminous 
paint on watch dials having a brightness of 0.01 to 0.02 mL. Calcu¬ 
lations show that the relative efficiency of bacteria to convert food 
into light is only about 0.16 to 1.0 per cent. However, compared with 
certain types of chemiluminescences (oxidation of phosphorus, 0.017 
per cent efficient and Grignard compounds, 0.0026 per cent efficient), 
this efficiency is remarkably high. 

Luminous organisms, as judged by our eye, produce light of quite 
different colors. A range of spectral tints has been described which 
extends from red to violet, but silver white, yellowish, greenish, and 
bluish tints are the commonest. Bacteria usually produce silver-white 
light, although greenish tints have also been observed. Luminescence 
in most organisms is due to a reaction between the enzyme luciferase 
and its substrate luciferin^ although this reaction has never been 
demonstrated positively in bacteria. For further details on this in¬ 
teresting subject the book by Harvey (1940) and the review by the 
same author (1941) should be consulted. 

Several reports [see Harvey (1940)] have appeared in the literature 
stating that bacteria and other cells produce rays in the X-ray region 
of the electromagnetic spectrum. These studies, however, have not 
been confirmed. 
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Mitogenetic Rays (Gunvitsch Rays). In spite of the prevailing 
opinion that light rays retard the growth of bacteria rather than act as 
specific stimuli, considerable data have accumulated which suggest 
that certain plant and animal tissues, especially meristematic tissues, 
or cells in a state of active growth, may emit mitogenetic rays which 
stimulate (he growth of other cells placed in a position favorable for 
their absorption. Since it is a well-known fact that some of the living 
microorganisms give up light in the visible spectrum, it is not entirely 
improbable that ultraviolet radiation is emitted by living material, 
although it is much less likely. 

Most of the workers report that mitogenetic rays are ultraviolet radi¬ 
ations of very low intensity w'ith wavelengths of 1,900 to 2,500 A. These 
radiations pass through quartz or very thin layers of glass but are 
absorbed by films of gelatin and glass more than 140 m thick. Because 
of the physical characteristics of such rays they are difficult to use 
experimentally, and their accurate measurement, even with the most 
sensitive physical instruments, is almost impossible. To overcome this 
last handicap the rays have been detected mainly by biological means. 
Onion-root tips were used in the original work by Gurwitsch in 1923, 
but since that time yeasts, bacteria, and other cells have been used as 
biological detectors. It has been stated that for bacteria to act as 
efficient detectors they must be used just prior to the phase of maximum 
growth, that is, during the late lag phase, but Faguet (1938) found no 
detection of mitogenetic rays by cultures of Escherichia coli or staphy¬ 
lococci during any phase of growth. Although it is difficult to prove 
the nonexistence of such radiation, the careful work of Hollaender and 
Claus (1937) and Hollaender (1939) gives no indication that such 
alleged radiation exists. Thus the claims advanced for such rays 
must be received with caution until more sensitive measuring methods 
are available and the results obtained are outside the realm of experi¬ 
mental error. Frenkel and Gurvich (1943), however, are still presenting 
evidence for the existence of mitogenetic rays. 

The more important papers on the detection and emission of mito¬ 
genetic rays by yeast and bacteria are those of Magrou and Magrou 
(1927), Baron (1928), Sewertzova (1931), Acs (1933), Wolff and Ras 
(1933), and Ferguson and Rahn (1933). The entire subject has been 
reviewed by Bateman (1935), Hollaender (1936, 1939), and Hollaender 
and Claus (1937). 

TEMPERATURE 

Of the physical agents to which bacteria are subjected, temperature 
has the most varied influence. Depending upon the intensity and 
period of exposure, temperature may stimulate the growth of micro- 
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organisms, alter their morphology, metabolism, or pathogenicity, act 
as a sterilizing agent, or bring about other changes in the life processes 
of the organisms [Hampil (1932)]. It is quite generally assumed that 
all such alterations are accompanied by chemical changes in the cellular 
material, and for that reason we should give brief consideration to the 
influence of temperature on chemical reactions. 

THE INFLUENCE OF TEMPERATURE ON RATES OF REACTIONS 

The influence of temperature on the rates of simple chemical proc¬ 
esses is often expressed in terms of the temperature coefficient of the 

(la 

reactions, or the ratio between the velocity constants I fc = - In- 

\ t a — X 

for a monomolecular reaction) of the reactions at two different tempera¬ 
tures. The symbol Q/^o is usually employed to signify the value of 
this ratio, as: 



where fci == velocity constant at any temperature, 

^2 == velocity constant at a temperature higher than that 
is, e + At\ 

= temperature coefficient of reaction rates at two tempera¬ 
tures differing by 

To indicate the value of this coefficient or ratio for a difference of 
10°C., the symbol is generally written as Qio. 

In some chemical reactions, especially those taking place at tempera¬ 
tures of optimum biological activity, this equation exhibits a reasonable 
degree of constancy. Usually the Qio values lie between two and three; 
that is, the speed of such reactions is increased between twofold and 
threefold for a 10° rise in temperature. In other chemical processes, 
however, there is a definite decrease in value with increments of temper¬ 
ature, signifying that such a ratio should be regarded as a rough approx¬ 
imation to the true relation. 

For any temperature interval, Af°, a value can be found for Qio by 
employing the following formula: 



This doubling or trebling of the reaction rate for each 10° rise in tem¬ 
perature is commonly called the R.G.T, rule (Reaktionsgeschmndig- 
keit-Temperatur-Regel). 
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These formulas are based on reactions in fairly homogeneous chemical 
systems, and for that reason some investigators are opposed to applying 
them to complex heterogeneous biological processes. Until some other 
means of determination is developed, however, this method of evaluat¬ 
ing rates of reactions in biological systems as influenced by environment 
will continue to be used. In spite of the fact that caution should be 
exercised, it is interesting to note that some of the bacterial activities 
do fall within this particular range. Table 4 show\s the velocity con¬ 
stants and the temperature coefficients of the rates of growth of Lacto- 
bacillus delbriickii in a special medium. It can be seen that the tempera¬ 
ture coeflicients do not deviate very far from two to three for each 
10® rise in the incubation temperature. 

TABLE 4 

Temperature Coefficients and Velocity Constants of Growth of 

Lactobacillus delbriickii 

(From Table 7, Chap. 2) 


Temperature of 


Temperature 

Incubation, 

Velocity Constant, Coefficient, 

“C. 

0.434fc 

Qio 

50 

0.98 1 

1 1.4 

40 

0.62 1 

45 

0.84 1 

[ 2.3 

35 

0.3651 

40 

0.62 1 

3.3 

30 

0.184] 

35 

0.365] 

4.3 

25 

0.084] 


Another example of the use of this coefficient is given in Table 5, 
In this case the ratios are for the rate of destruction of several organisms 
and their spores as influenced by temperature. Here it will be noted 
that some of the Qio values vary considerably from the usual two- to 
threefold increase, but this deviation is not unusual in biological de¬ 
struction rates as influenced by heat. According to Crozier (1924) and 
others, the temperature coefficient, Qio, giving the ratio of velocities 
for an interval of 10®C., is a rather imperfect means of characterizing a 
process, since it is not a constant quantity but depends upon the par¬ 
ticular temperature range. 

In order to have a more adequate expression of the complex relar 
tionship between temperature and rates of reactions at different ranges 
in the temperature scale, van^t Hoff and, later, Arrhenius (1915) 
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TABLE 5 

Temperatukb Coefficients of Death by Heat for Different Organisms 
[From Sattler (1929) and Chick (1930)] 


Organism 

Temperature 

Range, 

°C. 

Average 

Qio 

Micrococcus sulfureus 

63-80 

5.4 

Aerohacter aerogenes 

63-80 

2.6 

Pseudomonas fiuorescens 

63-80 

2.1 

Eberthella typhosa 

49-54 

110-170 

Escherichia coli 

49-52 

12 

Staphylococcus^ species 

49-53 

29 

Bacillus anthracisy spores 

90-103 

10 

B. anthraciSy spores 

80-90 

40 

Foob-and-mouth disease virus 50-60 

201 

Yeast, rose pigment 

63-80 

1.2 


deduced by calculus the following equation based on thermodynamical 
grounds: 

k2 = tJ 

where ki and ^2 = velocity constants (or figures proportional thereto) 
at the absolute temperatures Ti and 72, respec¬ 
tively. 

e — the base of natural logarithms. 

R = the gas constant. 

/X = a constant, the so-called temperature characteristic 
which characterizes a particular reaction. 

Rf the gas constant, is 1.986 for gram-calorie units, so the preceding 
equation becomes approximately: 

k2 = fcie2Vri tJ 

Converting this equation to common logarithms and solving for fi 
gives us the form: 

^ _ (log kz - log ki) ^ ^ (log kz - log ki)T 2 Ti 

M = 4.6 X- - - - -- 4.6-- 

The quantity jjl has been used extensively in biological studies, especi¬ 
ally by Crozier, Stier, and others, to test the assumption that each 
group of reactions having the same temperature characteristic (ji) are 
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processes influenced by the same type of catalyst. In other words, it 
serves as an index of the reproducibility of the relation of rate of change 
to temperature. 

According to Crozier, most biological processes fall well within the 
range, n = 4,000 to 35,000, which happens to be the limiting values 
for most simple chemical reactions. He therefore believes /i is a more 
delicate, as well as theoretically a more significant, index than the Qio 
ratio for the characterization of a biological process. This hypothesis 
was offered after analysis of a great deal of data taken from the most 



Fig. 4. The Relation of O 2 Uptake to the Reciprocal of the Absolute Temperature. 
The data plotted on lines B and C were obtained on different days, a new suspension 
of ScLccharomyces cerevisiae being used for each determination. (From Stier, 1933.) 

varied phenomena, such as, for example, the rate of forward movement 
of paramecia, the rate of oxygen utilization by insect eggs, the rate of 
reduction of methylene blue by anaerobic bacteria, and the rate of 
carbon dioxide production by yeast at various temperatures. 

Unfortunately, in the published accounts of respiratory functions 
and other phenomena of bacteria and yeasts there are few data on 
rates of reactions studied carefully enough at an adequate number of 
temperatures so that the measurements can be used for proper analysis. 
One example taken from Stier (1933) will be sufficient to show how the 
constant ix can be used as an index of the reproducibility of the relation 
of the rate of oxygen consumption by Saccharomyces cerevisiae to tem¬ 
perature in the range 3® to 35°C. Line B of Fig. 4 shows the data 
obtained by one method of measuring the oxygen uptake, the loga¬ 
rithms of the rates of oxygen utilization being plotted against the 
reciprocals of the absolute temperatures, according to the final equation 
on p. 175. The observed values lie on two straight lines intersecting at 
15.3°C. When the value of the temperature coefficient was 30° to 




THE CARDINAL TEMPERATURES 


177 


16®C., M == 12,100; when it was 15® to 3®C., m ~ 19,400. When a 
slightly different technique was used to calculate the ratios of oxygen 
uptake to temperature, the data in line C were obtained. These points 
fall on two straight lines intersecting at 15.8®C. For the range 30® to 
15®C., M = 12,180, and for 15® to 3®C., /i = 19,600. The variability 
of was not over ±2 per cent in any experiment. The interesting 
point about these experiments is the fact that a close similarity exists 
between these thermal characteristics (p) and values obtained for 
respiratory activities in organisms other than yeasts and bacteria. 

In many of the studies of thermal coefficients the values for m remain 
constant through rather wide temperature ranges, whereas in other 
studies an abrupt change is frequently observed at certain specific 
temperatures. The location of such a deviation is best determined by 
graphing, as is shown in Fig. 4, where the points 15.3®C. and 15.8®C. 
are clearly shown to be “breaks’' in the rate of the process. These 
points are called critical temperatures. Such sudden changes in the 
slope of the reaction-rate curves are usually interpreted as indicating 
shifts in the basic processes which control the particular reaction under 
investigation. In considering these sudden changes in Crozier re¬ 
marks, “In discussion of temperature coefficients the role of the slowest 
process of a catenary set as the master process of the whole is sometimes 
insufficiently appreciated.” In other words, in such interlocked sys¬ 
tems the speed of the whole must depend upon the speed of the slowest 
reaction of the system. 

In spite of the criticism of this method of studying biological proc¬ 
esses Cameron (1930) is of the opinion that the determination of n is 
a useful method of attack to ascertain the underlying chemical and 
physico-chemical factors governing certain biological phenomena. 
He believes the reason for the incompleteness of such work lies mainly 
in the lack of association of definite values of m found for living processes 
with values found for chemical reactions in the laboratory. Con¬ 
siderable interesting data have been obtained by applying this method 
of study to certain biological problems, especially when it is used in 
conjunction with other methods of analysis. The entire subject of 
temperature relationships, however, appears to be so complex that 
some caution should be used in the interpretation of complex hetero¬ 
geneous processes by the van’t Hoff-Arrhenius equation alone. This 
equation is based on simple reactions for homogeneous systems and 
not on the supposedly heterogeneous processes of the cell. 

THE CARDINAL TEMPERATURES 

Bacteria, like other living cells, have a minimum^ an optimum^ and a 
maximum growth temperature and a so-called growth temperature range. 
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These special temperatures are called the cardinal points. For a review 
of the influence of temperature on the life processes of bacteria the 
paper by Hampil (1932) should be consulted. 

Minimum Growth Temperature. The lowest temperature at 
which detectable growth occurs in a known environment is called the 
minimum growth temperature of the organism. Some of the pathogenic 
bacteria and heat-loving forms (thermophiles) are very sensitive to low 
temperatures and are unable to grow when held a few degrees below 
their optimum. On the other hand, most bacteria will grow and multi¬ 
ply at temperatures of about 10°C. or even lower. Growth has been 
observed as low as — 7.5°C. for certain marine bacteria. In general, 
organisms are prevented from growing at low temperatures because of 
the physical changes, such as desiccation, involved in the freezing of the 
substrate. Thus it must be kept in mind that the minimum growth 
temperature for any given bacterium is not a fixed temperature but 
instead shows some variation, depending upon the environment. At¬ 
tempts to develop strains of bacteria with lower minimum growth 
temperatures have been unsuccessful. 

Optimum Growth Temperature. The temperature which is 
most favorable for the rapid growth of an organism is called the opti¬ 
mum growth temperature. At such a temperature the generation time 
will be at a minimum during the logarithmic phase of the population 
cycle. Although it is customary to speak of the optimum temperature 
for bacterial growth, we know that for many species it is necessary to 
define the process to which this term is applied. For example, the 
optimum temperature for growth is not necessarily the most favorable 
for fermentative, proteolytic, and synthetic processes. Recently pub¬ 
lished data (Table 6) by Dom and Rahn (1939) explain this point very 
well. The formation of flagella and spores in some cases requires differ¬ 
ent temperature optima from those controlling toxin production and 

TABLE 6 

Effect of Temperature upon Different Life Functions of 
Streptococcus lactis and Streptococcus thenmphilus 

[From Dorn and Rahn (1939)] 


Streptococcus Streptococcus 

Function laciis thenmphilus 

°C. ®C. 

Most rapid rate of growth at 34 37 

Largest number of cells at 25-30 37 

Most rapid rate of fermentation at 40 47 

Largest amount of acid at 30 37 
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virulence. To complicate further a true definition of optimum growth 
temperature is the fact that this temperature may vary with the com¬ 
position and reaction of the particular medium in which the organism 
is cultivated. 

Maximum Growth Temperature. The maximum growth tem¬ 
perature is the highest temperature at which growth and multiplication 
of an organism can take place. Like the minimum and the optimum, 
the maximum temperature of growth varies with each bacterium 
and is controlled by the environment. Many of the saprophytic water 
and soil bacteria have a maximum between 30° and 35°C. Most of 
the pathogenic microorganisms show little growth above 40° to 45°C. 
Certain other forms may develop at temperatures of 70° to 75°C. oi 
even higher. The temperature maxima for several spore-forming 
bacteria were investigated by Blau (1906). Some of his data are pre¬ 
sented in Table 7. 


TABLE 7 

Temperature Maxima for Several Spore-Forming Bacteria 
[From Blau (190C)1 

Maximum Temperature for 



Spore 

Vegetative 

Spore 

Organisms 

Germination 

Growth 

Formation 


°C. 

°C. 

°C. 

BadUus mycoides 

30-35 

30-35 

30-35 

BaciUm teres 

35-40 

35-40 

35-40 

Bacillus simplex 

35-40 

40-45 

35-40 

Bacillus asterosporus 

40-45 

35-40 

35-40 

Bacillus alvei 

40-45 

45-50 

45-50 

Bacillus sphericus 

45-50 

40-45 

40-45 

Bacillus megatherium 

45-50 

45-50 

35-40 

Bacillus tumescens 

45-50 

45-50 

40^5 

Bacillus suhtilis 

.55-60 

55-60 

55-57 

Bacillus robustus 

65-67 

65-67 

65-67 

Bacillus calidus 

70-73 

70-73 

70-73 

Bacillus cylindricus 

73-74 

73-74 

70-73 

Bacillus tostus 

74-75 

7^75 

73-74 


The relation of certain respiratory enzymes to the maximum growth 
temperatures of bacteria is very interesting. This problem was in¬ 
vestigated by Edwards and Rettger (1937), and some of their data are 
presented in Table 8. Determinations of the minimum temperatures 
of destruction of the specific bacterial enzymes, indophenol oxidase, 
catalase, and succinodehydrogenase were made and compared statis¬ 
tically with the maximum growth temperatures of spore-forming 
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bacteria. A high degree of correlation was found for each enzyme in¬ 
dividually and for all three collectively, which suggests that to a marked 
degree the maximum growth temperatures for bacteria may bear a 
definite relationship to the minimum temperatures of destruction of 
respiratory enzymes. It has been suggested that spores are more re¬ 
sistant to heat than vegetative cells, because a firmer enzyme-protein 
union is present in the spores. Thus Edwards and Rettger suggest 
that the resistance of thermophiles may be explained by a firmer 
enzyme-protein union in them than is found in mesophilic bacteria. 
Some doubt has been cast on these interpretations by Rahn and 

TABLE 8 

The Relation of the Maximum Growth Temperatures op Bacteria to the 
Minimum Temperatures of Destruction op Certain Enzymes 

[From Edwards and Rettger (1937)] 

Minimum Temperature of 
Destruction 



Number 

Maximum 

Indo’- 


Succino- 


of 

Growth 

phenol 


dehydro^ 

Organism 

Strains Temperature 

oxidase 

Catalase 

genase 




"C. 

^C. 

"C. 

BaciUua mycoides 

4 

40 

41 

41 

40 

BaciUus 'prausnitzii 

1 

40 

44 

40 

40 

Bacillus simplex 

3 

43 

55 

52 

40 

BaciUus cereus 

21 

45 

48 

46 

50 

BaciUus megatherium 

8 

46 

48 

50 

47 

BaciUus tumescens 

1 

46 

55 

46 

46 

BaciUus subtilis 

10 

54 

60 

56 

51 

BaciUus vulgatus 

5 

55 

56 

56 

50 

BaciUus mesenlericus-fuscus 

12 

58 

60 

63 

53 

Thermophiles 

9 

76 

65 

67 

59 


Schroeder (1941). Attempts to acclimate bacteria and their spores to 
higher temperatures have resulted in only a small degree of success 
[Gasman and Rettger (1933), Williams (1936)]. 

Growth Temperature Range. The difference between the mini¬ 
mum and maximum growth temperatures is called the growth tem- 
perature range. For most pathogenic bacteria, which normally lead a 
parasitic existence, this range is rather short. Certain saprophytic 
forms which are not so highly specialized have a much wider range. 

In spite of the diflSculty in assigning distinct temperature boundaries 
to all bacterial activities, it is often convenient to classify such organ¬ 
isms into three large groups based on their relation to temperature. 
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Such a division is given in Table 9. It must be kept in mind that the 
boundaries between such groups are indistinct and show considerable 
overlapping. 


TABLE 9 

Classification of Bacteria Based on Temperatubb 



Temperature, 

®C. 



Mini¬ 

Opti¬ 

Maxi¬ 


Group 

mum 

mum 

mum 

Forms 

Psychrophilic 

-5-0 

10-20 

25-30 

Water, cold-storage growths, etc. 

Mesophilic 

10-25 

20-40 

40-45 

Pathogens and many saprophytes 

Thermophilic 

25-45 

50-60 

70-80 

Soil, manure, hot springs, etc. 


Psychrophilic bacteria are those which grow best below 20°C. In 
nature they are commonly found in deep lakes, cold springs, and ocean 
waters and undoubtedly play a part in decomposing the organic matter 
which falls to the bottom of such waters. These organisms sometimes 
cause considerable trouble in the preservation of foods kept in cold 
storage. Some bacteriologists object to the use of the term psychro- 
phile on the grounds that bacteria allocated to this group really grow 
better at higher temperatures. However, the data presented by 
Rubentschik (1925), Horowitz-Wlassowa and Grinberg (1933), Hess 
(1934), ZoBell (1934), and others prove beyond all doubt that certain 
bacteria grow best at temperatures below 20°C. Hess studied the 
growth of several bacteria of marine origin in buffered nutrient broth 
at 37°, 20°, 5°, 0°, and — 3°C. Quantitative measurements were 
made by means of plate counts, and data were collected over a period 
of 60 days. Maximum crops were obtained at 5°C. in all cases and 
higher total yields at 0°C. and — 3°C. than at 37°C. and 20°C. Be¬ 
cause of the slow rate of growth of psychrophilic bacteria the crop 
yield was considered a better criterion for determining the optimum 
temperature than the growth rate during the logarithmic phase. Prac¬ 
tically all cultural characteristics of these organisms were evident at 
—3°C. A strain of Pseudomonas Jluoresc^ens did not lose its motility 
even at — 6.5°C.; in fact, the organism actually maintained this ability 
much longer at the lower temperatures than at the higher ones. Berry 
and Magoon (1934) in a fine review have recorded growth at — 4°C. 
for Ps. fluorescens and species of the genera LactobaciUtiSy ToruUiy 
MoniUay and PenicilUum. 

A number of investigators have observed decided proteolysis of milk, 
fish, and meat, denitrification, storage diseases of fruits, and other 
physiological activities by bacteria at 0°C., but few reports have been 
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published on such activities below 0®C. Rubentschik (1926) in his 
studies of Urobacteria at 0®C. to —2.6®C. reported urea fermentation, 
gelatin liquefaction, and pigment formation at these low temperatures. 
In a careful study by Hess (1934) practically all the common physiologi¬ 
cal characteristics were noticed at -“3®C. for the bacteria he studied. 
Fermentation of dextrose, sucrose, and maltose, proteolysis of fish- 
muscle protein, peptonization of milk, formation of indol from trypto¬ 
phan broth, reduction of nitrates, liquefaction of gelatin, growth on 
potato, and fluorescence on fish-extract agar all took place at these low 
temperatures. No temperatures lower than—6.5®C. were used for 
unfrozen media, but Hess believes that growth and other characteristic 
reactions might take place at lower temperatures if the media could 
be kept from freezing and undue increase of growth-retarding proper¬ 
ties such as osmotic pressure could be avoided. Berry and Magoon 
believe that microbial growth below — 10°C. is unlikely, regardless of 
the physical condition of the substrate. 

Mesophilic bacteria are those which show optimum growth between 
20® and 40°C. Since the body temperature of most of the higher ani¬ 
mals is within this range, all the parasitic bacteria are considered meso¬ 
philic. The temperature 37.5®C. is considered the optimum for most 
pathogenic bacteria. Many of the microorganisms responsible for 
putrefaction and decay are placed in this group and have an optimum 
between 20® and 35°C. 

Thermophilic bacteria are usually classified as strict thermophilesy 
which show optimum growth above 55®C. and fail to grow below 37°C., 
Sind facultative thermophiles, with an optimum between 45® and 55®C. 
Although the maximum growth temperature for bacteria seems to be 
about 75®C., vegetation has been observed growing in a hot spring in 
Iceland which had a temperature of 98®C. [Flourens (1846)]. This 
seems to be the highest recorded temperature at which life exists. 
Most thermophilic bacteria belong to the spore-forming types, though 
non-spore-forming bacteria, algae, and related forms have been de¬ 
scribed. Heat-resistant spores are commonly produced by thermo¬ 
philic spore-forming bacilli; in fact, some will stand boiling at 100®C. 
for 20 to 25 hours. 

In nature thermophiles are widely distributed. They have been iso¬ 
lated, for example, from thermal springs, manure piles, decaying com¬ 
post, soil, milk products, canned goods, tobacco, hay, and silage. 
Because of their wide distribution and ability to withstand high temper¬ 
atures they are of considerable economic importance, especially in the 
canning, dairy, and sugar industries, where spoilage is often caused by 
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their growth. None of the thermophilic bacteria, so far as is known, 
produces disease or has any public health significance [Hansen (1932)]. 
Excellent reviews on this subject have been published by Robertson 
(1927), Prickett (1928), and Cameron and Williams (1928). 

Thermoduric bacteria are those which survive exposure to ordinary 
pasteurization temperatures (60® to 63®C.). For the most part they 
are mesophilic bacilli, streptococci, and sarcinae which possess unusual 
thermal resistance. They are particularly bothersome at times in the 
food and dairy industries, although none of them is regarded as danger¬ 
ous to health. 

THERMAL DEATH TIME OF BACTERIA AND RELATED 
SUBSTANCES 

The older bacteriological literature contains records of many de¬ 
terminations of what has been called the thermal death point of bac¬ 
teria. This term is misleading and has been generally discarded and 
replaced by the more suitable expression thermal death time, which 
merely means the time required to kill an organism at a given tempera¬ 
ture in a known environment. 

Some knowledge of the heat resistance of microorganisms is desirous 
for several reasons. The significance of such information in the canning 
industry is well known, since it is necessary to know the resistance of 
spoilage bacteria to arrive at satisfactory processes for canned foods. 
Because of the importance of such facts special apparatus for the deter¬ 
mination of spore-destruction rates has been developed by bacteriolo¬ 
gists in this industry [Williams, Merrill, and Cameron (1937), Town¬ 
send, Esty, and Baselt (1938)]. Preparation of various products, such 
as certain sutures for surgical work, is based on the destruction of 
bacteria by heat. In the pasteurization of milk and milk products 
much work has been done on the heat resistance of organisms at pas¬ 
teurization temperatures. In addition to these practical problems 
heat resistance is often desirable as one of the differential characteris¬ 
tics for classifying bacteria. 

For a number of years canning technologists and others who have 
had to study the heat resistance of bacterial cells and spore suspensions 
have plotted the data on semilogarithmic paper to secure what is called 
a thermal death-time curve. Space does not permit a discussion of 
the procedures followed to determine this curve. Briefly, however, it 
may be stated that, when the number of surviving cells per unit of 
material is plotted against the time of heating, the resulting thermal 
death-time curve approximates a straight line on semilogarithmic 
paper. Two values are now commonly used to describe this curve: 
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F « the number of minutes required to destroy the cell (in any 
specific medium) at 121.1°C. (250®F.). 

z « the slope of the thermal death-time curve, expressed as ®F. 
This is the range of temperature required for the plotted line 
to pass through one log cycle on semilogarithmic paper, or a 
measure of the change in thermal death time with changing 
temperature. 

These two factors (a point and a slope) characterize the thermal 
death-time curve quite well, and they have been used extensively to 
determine safe processes for canned foods and milk pasteurization 
[see To^vnsend, Esty, and Baselt (1938), Ball (1943)]. 

In studying the lethal action of heat on bacteria, several factors must 
be kept in mind to insure uniform and dependable results. Several 
of these factors will be discussed briefly. 

Time. The time of exposure at a given temperature is one of the 
most important factors involved in studying the lethal action of heat 
on bacteria. In general, the time necessary for sterilization varies in¬ 
versely with the temperature, as was shown by Bigelow and Esty 
(1920) when working with a known suspension of bacterial spores in a 
medium of a known pH. The cells of the gonococcus are destroyed by 
heat at 50®C. in a few minutes, whereas at 42'^C. the time necessary 
to obtain sterilization is about 5 hours and at 41®C. over 11 hours; 
death of all the cells is not obtained in 30 hours at 40°C. [Carpenter 
and coworkers (1933)]. The thermal death time of Treponema palli-- 
dum in extracts from rabbit testis is 5 hours at 39°C., 3 hours at 40°C., 
2 hours at 41®C., and 1 hour at 41.5®C. [Boak, Carpenter, and War¬ 
ren (1932)]. A temperature of 62°C. to 63°C. for 20 to 30 minutes is 
usually sufficient to destroy most non-spore-forming organisms, such 
as the typhoid, diphtheria, and tubercle bacilli. Bacterial spores are 

TABLE 10 

Time Necessary to Destroy the Most Resistant Spores op 
Clostridium hotulinum 

[From Esty and Meyer (1922)] 

Temperature, Minimum Killing Time, 

^0. minutes 

100 300 

105 120 

110 36 

116 12 

120 e 
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more resistant and require longer periods of exposure at higher tem¬ 
peratures. An example is shown in the data (Table 10) taken from the 
paper by Esty and Meyer (1922) for the spores of Clostridum hotulinum. 
In their investigations the spores were suspended in a phosphate buffer 
solution at pH 6.98. 

Number, Age, and Type of Cells. There is considerable evidence 
indicating that the larger the initial number of bacteria or spores present 
to be killed, the longer it will take to attain sterile conditions. It is 
also possible that the greater the initial number of cells, the greater the 
probability that a number of very resistant forms, which can endure 
more heat, are present. The effect of numbers is shown in Table 11, 
taken from Williams (1929). 


TABLE 11 

Relation between the Initial Number op Spores and the Survival Time 


[From Williams (1929)] 


Numbt^r of Spores 
per Milliliter 
100,000,000 
75,000,000 
50,000,000 
25,000,000 
1,000,000 
100,000 


Survival Time 
at 100®C., 
minutes 
19 
16 
14 
12 
8 
6 


The age of the culture is another factor which must be considered 
when studying the heat resistance of bacteria and their spores. Most 
investigators have found that young spores and cells are much less 
resistant to high temperatures than older ones. Heiberg (1932) re¬ 
ported that l-f- and 2|-hour cultures of Escherichia coli were reduced 
10,000 and 2,000 times, respectively, when heated at 63°C. for 15 
minutes, whereas a culture 62 hours old was reduced in number by 
only twelvefold. Similar results have been observed by other workers 
for non-spore-forming bacteria. There seems to be considerable varia¬ 
tion in the heat resistance of spores at different ages; in fact, Magoon 
(1926) is of the opinion that the resistance of spores to heat is not a 
fixed property but, rather, a variable one, the degree of resistance being 
influenced by several factors, especially age and the temperature and 
humidity of the environment. In connection with the type of organ¬ 
ism it would seem that the inherent nature of the cells is also important. 
For example, some of the thermophiles have their optimum growth 
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range at temperatures which are lethal in a short time for many bac¬ 
teria. 

Moisture Content. It is well known that moisture hastens the 
coagulation of proteins by heat, and the destruction of bacteria by this 
agent may be due to such coagulation. Several workers have found the 
moisture content of spores of bacteria to be lower than that of the vege¬ 
tative cells, but others doubt that this diflFerence is sufficient to account 
for the greater thermostability exhibited by spores. A more likely 
explanation, in so far as moisture is concerned, seems to lie in the fact 
that Friedman and Henry (1938) have shown that spores and vegetative 
forms contain different amounts of bound water (Table 12), which 
may be inactive so far as its influence on the coagulation of protein 
material by heat is concerned. 


TABLE 12 

The Bound-Water Content of Spores and Vegetative Cells op Three 

Bacterial Species 


[From Friedman and Henry (1938)] 



Bacillus 

svbtilis 

Bacillus 

megatherium 

Bacillus 

mycoides 

Grams bound water per gram 

Vegeta¬ 
tive Spores 

t - 

Vegetar 

tive 

Spores 

t - 

Vegetar 

tive 

Spores 

solids 

Per cent bound water in bac¬ 

0 

2.6 

0.8 

1.9 

1.3 

2.0 

terial mass 

0 

69.0 

17.7 

62.6 

28.2 

58.7 


Substrate. The chemical composition and physical state of the 
medium on which the organisms have been cultivated, as well as the 
substrate in which the cells are suspended for heating, may also in¬ 
fluence thermal death results. It has been demonstrated that heat 
resistance is affected by the presence of varying amounts of sodium 
chloride or other salts, sugar, proteins, and other substances, which 
may serve in some way as protective materials. 

The hydrogen-ion concentration of the substrate often influences the 
rate of death of bacteria, although Bigelow and Esty (1920), Murray 
and Headlee (1931), Lang and Dean (1934), and other workers found 
that within reasonable limits the reaction of the medium may not 
noticeably reduce the thermal death time. Thus Lang and Dean 
found that pH values between approximately 5.0 and 6.8 gave no 
correlation with heat resistance of Clostridium botulinum. Williams 
(1929) and Murray and Headlee believe that the heat resistance of 
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organisms is greatest at about pH 7.0, but reactions above or below 
this point cause decreased heat resistance. That acid reactions are 
more toxic than alkaline reactions is illustrated by the data (Table 13) 
taken from Murray and Headlee^s paper. 

TABLE 13 

Relation op Hydrogen-Ion Concentration to Killing Time op Spores op 
Clostridium tetani Suspended in Buppbr Solution 

[From Murray and Headlee (1931)] 

Thermal Death Time, 
minutes, at 


t -* " ■' ' . " > 


pH 

lOS^^C. 

lOO^^C. 

95"C. 

90 ®C. 

1.2 

5* 

5* 

5* 

5* 

2.0 

6 * 

5* 

5 * 

5 • 

3.0 

5 * 

5* 

5 * 

5* 

4.0 

5* 

10 

15 

25 

5.0 

10 

10 

20 

30 

6.0 

10 

15 

40 

55 

7.0 

10 

30 

55 

60 

8.0 

10 

15 

45 

60 

9.0 

5* 

10 

30 

50 

10.0 

5* 

10 

20 

35 


* Five minutes or less. 

The osmotic conditions of the medium may have certain influences. 
Robertson (1927) demonstrated that an increase in osmotic pressure 
was accompanied by a rise in the thermal death rate of bacterial cells. 
Hypotonic solutions decreased the resistance of cells and hypertonic 
solutions increased, within limits, the heat resistance. 

Miscellaneous Factors, In certain instances the size and shape of 
the container used in the heating experiment, the conduction and con¬ 
vection currents within the container, and several other factors have 
considerable influence on the killing of bacteria by heat. Several of the 
papers already mentioned and books on food technology discuss these 
topics at some length. 

Mechanism of Cell Destruction by Heat, Several theories have been 
advanced to explain the processes involved in the destruction of bac¬ 
teria and their products by heat or their resistance to it. Chick and 
Martin (1910) believe that the death of bacteria under the influence 
of heat is due, possibly, to protein coagulation, and that the higher the 
temperature to which they are submitted, the more rapidly their cellular 
protein is coagulated. This explanation seems well founded, but 
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probably other factors are also involved in bringing about the so-called 
‘'irreversible changes in the bacterial protoplasm/’ Some workers be¬ 
lieve that death of the cell is invariably due to influences which bring 
about increased permeability of the cell wall. Undoubtedly the dena- 
turation of the proteins results in a surface change of some type. Other 
investigators have ascribed the heat resistance of some bacteria and 
spores to differences in the mineral content of their protein or the nutri¬ 
tive conditions under which cells are formed and to protective sub¬ 
stances in the heating medium. That differences in heat resistance are 
due to the low water content of the protoplasm of certain cells or spores 
was suggested by Lewith (1890). Workers of that period had already 
established the fact that bacterial cells contain heat-coagulable pro¬ 
teins, so Lewith undertook to show hov cells containing various per¬ 
centages of moisture might resist heat coagulation. This point is 
illustrated by the following data taken from Lewith’s paper: 

Temperature of Coaffidation 
in 80 Minutes^ 


Egg Albumin °C. 

Aqueous solution 56 

With 25 per cent water 74-80 

With 18 per cent water 80-90 

With 6 per cent water 145 

Water-free 160-170 


Since Lewith’s time careful studies of the free-water content of 
bacteria have failed to show any great difference between either various 
vegetative cells or spores. The work of Friedman and Henry (1938), 
however, shows that there is considerable difference in the bound-water 
content of spores and vegetative cells (see Table 12). It will be in¬ 
teresting to see if the thermophilic bacteria also have a higher bound- 
water content than mesophiles. Another logical explanation for dif¬ 
ferences in resistance can be deduced from the work of Edwards and 
Rettger (1937), in which they have shown an almost perfect relation¬ 
ship between the maximum growth temperature of several bacilli and 
the minimum temperature at which some of their respiratory enzymes 
are destroyed. Undoubtedly, lethal temperatures for bacteria destroy 
some of the cellular enzymes, although it is not the primary cause of 
death, according to Rahn and Schroeder (1941). 

At present no one theory can be proposed which will explain the 
phenomenon of heat resistance or ease of destruction exhibited by 
certain bacteria. It is probably better to think of the process as a series 
of both surface and internal changes involving several factors. It 
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has already been shown that increases in temperature stimulate the 
rate of cellular reactions. Those cells which are easily destroyed by 
heat apparently do not have the mechanism, enzymatic or otherwise, 
to carry on their activities at high temperatures. The underlying re¬ 
actions increase to such a point that catabolism exceeds anabolism, 
and death results. Resistant forms, such as thermophiles or spores, 
may continue to be active at higher temperatures, either because of 
their bound-water content, which does not enter into the heat-coagula¬ 
tion process, or because of a difference in their enzyme-protein union. 
Such cells seem to be controlled by a ‘^governor” of some type which 
prevents the rate of catabolism from exceeding that of anabolism until 
very high temperatures are reached, at which they are also destroyed. 

Heat Resistance of Enzymes^ Toxins^ and Viruses, Many of the 
viruses are inactivated by heating to a temperature of 75®C., but there 
is considerable variation in the sensitivity of the different viruses to 
temperature. Some, such as the cucumber mosaic, tobacco ring spot, 
and encephalitis, are so unstable that they become inactivated on 
standing at room temperature for a few hours, but it is not known 
whether this reaction is due to temperature alone or to the presence of 
some extraneous material which contains agents such as oxidizing 
enzymes. Other viruses, such as tobacco mosaic virus, the Shope 
papilloma virus, and certam bacteriophages, require temperatures 
above 65°C. for inactivation. Of this group the tobacco mosaic virus 
seems to be the most thermostable, since the crude infectious juice re¬ 
quires a temperature of 94®C. for 5 minutes and the purified material 
the same period at 75®C. before being completely inactivated. The 
viruses of vaccinia, poliomyelitis, dog distemper, foot-and-mouth dis¬ 
ease, and the neurotropic strain of hoi'se sickness have all been inacti¬ 
vated on heating at about 60°C. for 30 minutes. Less stable are the 
viruses of fowl pox and yellow fever, which are destroyed in 30 minutes 
at a temperature of approximately 55°C. [Stanley (1938)]. High 
temperatures are destructive to most enzymes. This subject is dis¬ 
cussed in greater detail on pp. 460 to 461. Bacterial toxins in general are 
also destroyed by heat, although they show a wide variation in their 
thermostability, and some are even peculiarly sensitive to heat. In 
regard to this supersensitivity to heat Smith (1941) has shown in an 
experiment that one of the staphylococcus toxins is more sensitive to 
60®C. than to 80®C., even though the exposure time was the same in 
both cases. 

METHODS FOR STERILIZATION BY HEAT 

The methods for the complete destruction of bacteria by heat are 
usually discussed at some length in a beginning course in bacteriology, 



190 EFFECTS OF PHYSICAL AGENTS ON BACTERIA 

and for that reason only a brief review will be given here. The effects 
of incineration of animal carcasses, garbage, and other materials, as 
well as the flaming of inoculating needles and small objects in the 
laboratory, are well known and need no comment. Sterilization by 
heat can best be discussed and reviewed imder the headings dry heat 
and maid heat. 

Dry Heat. The first studies concerned with sterilization by dry heat, 
using a hot-air oven, were carried out by Robert Koch and his associ¬ 
ates as early as 1881 to 1882. They came to the conclusion that, unless 
the exposure was for a considerable period of time, dry heat was not an 
efficient method of sterilization, especially when bacteria may be pro¬ 
tected by some relatively nonconducting material. This fact is due, 
of course, to the very slow rate of penetration of dry heat. For example, 
when a bundle of linen measuring 50 by 55 cm. is exposed to dry heat 
for 3 hours at a temperature of 140° to 150°C., the center will be only 
about 75°C., a temperature and time interval far too low to kill most 
bacterial spores. Oag (1940) has studied the effect of dry heat on the 
spores of Bacillus anthracis, Clostridium perfringens, and several other 
spore-forming bacilli. At 400°C. the spores were killed in 20 to 30 sec¬ 
onds, whereas 1 hour was necessary at 120°C. There is apparently an 
abrupt change in the resistance of spores at 160°C., since they are killed 
much more rapidly just above this temperature than just below it. 

Dry heat is used in laboratories for the sterilization of glassware 
and other articles which are not injured by high temperatures or which 
moisture may affect in some way. To insure absolute sterilization 
of objects in a hot-air oven, the internal temperature should be kept at 
160“ to 180°C. for 1 hour or longer. When processing glassware plugged 
with cotton or wrapped in paper, it shoiJd be remembered that these 
materials scorch at a temperature of about 190“C. in a short time. 

Moist Heat. The presence of moisture allows sterilization to be 
accomplished much more easily and at lower temperatures than does 
dry heat. Moist heat may be applied with boiling water or steam, in 
which cases the temperature will vary little from 100“C. Live flowing 
steam, without pressure, may be used where the temperature remains 
more or less constant at 100“C., but prolonged exposure is required to 
assiue the destruction of resistant spores. A higher efficiency is at¬ 
tained by the use of steam under pressure; then temperatures far ex¬ 
ceeding 100°C. may be produced. Some of the temperatures attained 
at sea level by the application of pure steam under pressure are as 
follows: 
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Steam Pres¬ 

Temperature 

sure, gauge 

°C. 

®F. 

0 

100.0 

212.0 

5 

109.0 

228.2 

10 

115.6 

239.9 

12 

118.0 

244.4 

15 

121.5 

250.7 

18 

124.3 

266.7 

20 

126.6 

259.7 

30 

134.6 

274.8 

40 

141.6 

286.7 


Exposure to steam under 15 to 17 lb. of pressure, providing the 
temperature is 121° to 123°C., for 15 to 20 minutes is suflScient for the 
sterilization of most bacteriological media. Sometimes, however, cer¬ 
tain materials require a higher temperature and pressure and a longer 
period of exposure to insure the proper margin of safety. Thus Under¬ 
wood (1941), using the recommended temperature and pressure, sug¬ 
gests the following times for these materials: 

Minnies 


Unwrapped instruments or utensils in trays 10 

Instruments or utensils wrapped in muslin 15 

Rubber gloves in muslin packs 15 

Flasks of solution, never more than two-thirds filled 
One-liter flasks 15 

Two- or three-liter flasks 20 

Dressings wrapped in thick muslin or drums properly packed 30 
Mattresses lying flat or on edge 30 


When the autoclave is used, attention must be given to certain 
technical details to insure complete sterilization and best results. 
Packages should not be too large nor packed too tightly in the sterilizer. 
At least a 2-in. air space should be left behind the door when it is closed, 
and under no circumstances should dressings rest against the door. 
The reason is that the door remains cooler than the chamber during 
the sterilization process, so that steam condenses on its surface, and 
this condensate will wet the dressings if they are touching the door. 
After the period of exposure the outlet and inlet valves must be closed 
so that the sterilizer can cool off slowly, otherwise a sudden change in 
pressure within the chamber may destroy the material being auto¬ 
claved. 

The most important precaution to be taken in using the autoclave is 
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to permit all air to escape from the apparatus before the vent is closed. 
If this is not done, air pockets will be left about the objects to be steri¬ 
lized, and they will not be heated to the temperature indicated by the 
pressure. Wyatt (1936) and Underwood (1941) discussed at some 
length the effect of air in the sterilizer on the final temperatures ob¬ 
tainable. Underwood show^ed that, if steam is applied at 15 lb. of 
pressure to a completely evacuated sterilizer, a temperature of 250°F. 



Fig. 6 . Effect of Air in Sterilizer upon the Chamber Temperature. (From Under¬ 
wood, 1941.) 

(121 °C.) is promptly attained. Evacuating one-half of the air before 
applying steam gives a final temperature of 234°F. (112®C.); removal 
of one-third of the air allows a maximum of 228°F. (109°C.); and, 
when none of the air is removed, the ultimate temperature, with 15 lb. 
of steam pressure, is only 212®F. (lOO'^C.). Figure 5 is a graph of these 
values. 

PASTEURIZATION 

This process was first developed by Louis Pasteur to prevent certain 
abnormalities in wine, but it now finds its widest application in the 
dairy industry. The advantages of properly pasteurized milk are a 
reduction in the spread of pathogenic organisms and an improvement 
in the keeping qualities of the product. Milk products may not he 
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sterile after treatment by this process, but all the pathogenic organisms 
should be destroyed and the other forms greatly reduced in number. 

Two main types of pasteurization are now generally used in the 
dairy industry. The holding method consists of heating to a compara¬ 
tively low temperature for a considerable period of time. Usually the 
exposure for market milk is 61.1®C. (142®F.) to 62.8®C. (145®F.) for 
30 minutes. 

Sometimes slightly higher temperatures are used for market cream. 
The jlash or short-time holding 
method consists of heating to a 
comparatively high temperature 
for a short period of time. The 
minimum exposure accepted for 
milk is 71,rC. (160°F.) for 15 
seconds, but 71.7°C. (161®F.) for 
16 seconds is used quite commonly. 

Ball (1943) has discussed in some 
detail the problems involved in the 
pasteurization of milk, and his 
paper should be consulted by 
those interested in this subject. 

Lower temperatures are usually 
used for pasteurizing wines and 
fruit juices to prevent injury to 
the product. 

The time and temperature used 
in the pasteurization of milk are 
based on the heat resistance of 
Mycobacterium tuberculosis. The 
other pathogenic organisms often 
present in milk, such as typhoid, 
diphtheria, and brucella bacilli, are destroyed at lower temperatures, 
as is shown in Fig. 6 from the paper by North and Park (1927). Other 
methods of pasteurization have been proposed, but they have not 
been widely accepted. The technical details and types of apparatus 
used are readily available from other sources. 
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Fig. 6 . Time and Temperature for 
Milk Pasteurization. (From North 
and Park, 1927.) 


LOW TEMPERATURES (COLD) 

In the past bacteriologists have given less attention to the effects of 
low temperatures on bacteria than to the action of high temperatures. 
This difference has probably been due to the general belief that cold is 
an excellent means of preventing putrefaction and decay and that 
frozen products are incapable of transmitting disease. 
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One of the early studies on this subject was made by MacFadyen 
(1900), who exposed cultures of ten species, including Escherichia coliy 
Eberthella typhosay Proteus vulgarisy Bacillus anthraciSy and Staphy-- 
lococcus aureusy to liquid air (—190°C.) for a period of 7 days with no 
appreciable impairment of their vitality when subsequently cultured. 
At the same time MacFadyen and Rowland (1900) sealed organisms 
in glass tubes and subjected them to liquid hydrogen (—252®C. or 21® 
absolute) for 10 hours. The results were entirely negative as far as 
alteration in microscopic appearance or in vigor of growth was con¬ 
cerned. 

Winchester and Murray (1936) inunersed agar slant cultures, broth 
cultures, and strips of sterile filter paper impregnated with bacteria in 
liquid air (—190®C.) and observed that, when forms survived the me¬ 
chanical effects of freezing, they were still viable after 19 months. Tur¬ 
ner (1938) demonstrated that, if testicular extracts containing Trepo¬ 
nema pallidum and Treponema perienue were frozen and maintained at 
-~78®C., the organisms exhibited normal morphology and motility 
upon thawing, and their virulence for rabbits w^as not appreciably 
altered even up to periods of a year. At temperatures of — 10°C. 
and --20®C. the syphilis spirochete did not survive 2 months. Death 
of the organisms occurred during the maintenance period and thus was 
not due to the mechanical effects of freezing. Trypanosomes and spiro¬ 
chetes were still infectious after freezing 1 to 3 hours at liquid helium 
temperatures (—269.5®C. or 3.7® from absolute zero), according to 
Jahnel (1938). 

Freezing and thawing apparently only slightly inactivate viruses. 
Turner has shown that the titer of preparations of human influenza 
virus, yellow fever virus, and spontaneous encephalomyelitis virus of 
mice was unchanged after the preparations had been maintained at 
~78®C. for 6 months. Similar results have been reported by other 
workers for the viruses of vaccinia, herpes, tobacco mosaic, foot-and- 
mouth disease, several bacteriophages, and complement. 

With the rapid development of commercially frozen foods, especially 
vegetables, the effect of freezing on the spores and toxins of Clostridium 
botulinum assumes a greater significance. Studies indicate that spores 
of Cl. botulinum will survive freezing at — 16®C. or lower for at least a 
year, and the toxins from this organism show little decrease in potency 
when held at •~79®C. for 2 months or at ~ 16°C. for 14 months. There 
is little danger from the consumption of frozen foods which are properly 
prepared. However, when certain of these foods are allowed to thaw 
and stand at room temperature, they should be consumed within a day. 
The entire subject of frozen foods has been reviewed extensively by 
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Wallace and Tanner (1933-1935), and McFarlane (1941) has studied 
the influence of sucrose and hydrogen-ion concentration on the de¬ 
struction of microorganisms at subfreezing temperatures. 

DESICCATION 

The survival of microorganisms subjected to an environment of low 
moisture content depends on many variable factors, such as the particu¬ 
lar species, the number of bacteria present, the rapidity of drying, the 
nature of the suspending medium, and the gaseous condition of the 
environment. 

Some of the early bacteriologists reported that anthrax spores dried 
on silk threads were still alive after 20 years, and at the present time 
there is considerable controversy concerning the isolation of bacteria 
from coal, rock, adobe brick, and other materials which are relatively 
dry and supposedly centuries old [Burke and Wiley (1937)]. More 
recently a number of investigators [see Flosdorf and Mudd (1935, 
1938), Swift (1937), Scherp and Hughes (1939), and Folding (1943)] 
have shown that many sensitive bacteria, viruses, enzymes, and other 
materials are able to withstand drying almost indefinitely, provided 
that desiccation is complete and that the preparation is maintained in a 
high vacuum (0.01 mm. mercury or less). Even the meningococcus is 
much more resistant to dehydration than is generally supposed. For 
example, Miller and Schad (1944) found that, when Neisseria inlra- 
cellularis suspensions were dried on glass beads, pieces of wood, and 
cotton fabrics which were kept at room temperature in the dark and 
cultured each day, viable meningococci were recovered from the glass 
beads after 10 days and from wood and cotton cloth after 8 and 7 days, 
respectively. Survival was shortened at 37®C. and prolonged in the 
ice box (6° to 10®C.). 

Although most workers have assumed that organisms in the desic¬ 
cated state will remain viable for long periods of time, few or no quanti¬ 
tative data are available on environmental factors involved in the 
survival and death of organisms under such conditions. Heller (1941) 
has studied death rates of Streptococcus pyogenes and Escherichia coli 
in the desiccated state, and has observed that death proceeds loga¬ 
rithmically. The rate of death for both organisms varied with the 
nature of the environment in which they were dried. For example, the 
death rates were highest when the organisms were dried in a simple 
menstruum, such as distilled water, and lowest when the organisms 
were dried in the presence of mixtures of dissimilable crystalline sub¬ 
stances, such as sucrose and other sugars or tryptophan, and hydrophilic 
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colloids, such as peptones. Future studies on this subject will do much 
to explain the degree of activity of organisms in the desiccated state. 

Desiccation is now being used extensively for the preservation of 
stock cultures of bacteria, viruses, normal and convalescent human 
sera, animal antisera, complement, enzymes, and other materials. In 
carrying out the procedure, 0.5 to 1.0 ml. or larger quantities of a con¬ 
centrated suspension are distributed in suitable glass containers. The 
material is first frozen at — 78°C. in a bath of solid carbon dioxide 
and alcohol. When the samples are frozen, the containers are attached 
to a specially designed apparatus which quickly and efficiently brings 
about the desired evacuation and desiccation. The term cryochem- 
process has been coined by Flosdorf and Mudd for this technique. 
After the material has been completely desiccated, the glass containers 
are sealed in a flame and are then ready for storage. Organisms and 
other bodies so dried and preserved are supposedly resistant to high 
temperatures. For example, typhoid bacilli are said to survive an 
exposure of 115°C. for over 30 minutes, and Remlingcr and Bailly 
(1938) found that the equine encephalomyelitis virus stood 110° to 
112°C. for 5 minutes before becoming inactivated. The literature 
pertaining to the preservation of bacterial cultures by desiccation has 
been reviewed by Morton and Pulaski (1938). 

ELECTRICITY AND MAGNETISM 

Two other physical agents which have received some attention in 
the field of bacteriology are electricity and magnetism. Bacteria are 
so small that it is difficult to determine any direct effect of electricity 
on the cells, but there is no reason to assume that they differ from other 
cellular material in response to an electrical current. So far experi¬ 
ments have been conducted by passing a current of electricity through 
media in which bacteria were growing or suspended. During such 
treatment heat and chemical changes are sometimes brought about, 
which may conceal any direct effect which the electricity has upon the 
bacteria. 

LOW-FREQUENCY ELECTRIC CURRENTS 

Many of the early experiments, using electricity of low frequency, 
were so poorly controlled that little or no attention will be given to 
them. In passing, though, the conclusions reached by Prochownick 
and Spaeth (1890) should be mentioned. After subjecting suspensions 
of Bacillua mjibiilisy BaciUvs anthrcms, and Staphylococcus aureus to a 
current of 60 to 230 ma. for various intervals of time, these investiga- 
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tors observed some lethal action. They concluded, however, that this 
action was not due to the electricity itself, but rather to chlorine which 
was evolved at the anode by the electrolytic dissociation of saline. 
This explanation seems to have some merit, since other workers have 
reported that the sterilizing action of a constant current is due to 
electrolysis, with the liberation of acids, alkalies, chlorine, and ozone 
at the positive pole. 

More recently Tracy (1932) has studied the action of alternating 
current of 60 cycles on yeast cells. Suspensions of Saccharamyces 
ellipsoideus were placed in a small glass chamber fitted with hard carbon 
and graphite electrodes. The voltage and amperage were varied for ex¬ 
perimental purposes by means of rheostats. Table 14 shows a compari¬ 
son of percentage kills by equal quantities of electricity applied at dif¬ 
ferent amperages. Thus, by passing alternating current through yeast 
cell suspensions at nonlethal temperatures, pronounced killing effects 
were obtained, indicating that alternating current of 60 cycles has some 
destructive action independent of temperature. An increase in the 
current density or amperage (see the last column in Table 14) was ac¬ 
companied by an increase in the percentage of yeast cells killed. Tracy 
has suggested the possibility that the killing effect was due to the forma¬ 
tion of temporary toxic substances, such as free chlorine, which were 
immediately reduced upon cessation of the current. 

TABLE 14 

Comparison op Percentage Kills by Equal Quantities op Electricitt 
Applied at Different Amperages 

[From Tracy (1932)] 

Current 
Density 
Quality i>er 


Test 

Amperes 

Volts 

Tempera- Time, 
ture, miii- 

®C. ulea 

Cells per Milliliter 
Before After 

Treatment Treatment 

Per 

Cent 

Killed 

of Elec¬ 
tricity, 
cou¬ 
lombs 

Square 

Centi¬ 

meter, 

amperes 

A 

0.31 

20 

35 6 

255,000 

143,000 

44.0 

93 

0.063 

B 

0.31 

20 

37 5 

420,000 

200,000 

52.5 

93 

0.063 

C 

0.35 

22 

44 5 

2.350,000 

452,000 

80.7 

105 

0.071 

D 

0.35 

27 

42 5 

1.830,000 

673,000 

63.4 

105 

0.071 

E 

0.36 

22 

44 5 

1,650,000 

420,000 

74.6 

105 

0.071 

F* 

0.10 

20-22 

43-44 15 

480.000 

462 

99.7 

90 

0.140 


* In F is given the average of four tests at 0.1 ampere and 15 minutes. 

HIGH-FREQUENCY ELECTRIC CURRENTS 

By making use of vacuum-tube oscillators, high-frequency electro¬ 
magnetic and electrostatic fields can be produced. The range is proba¬ 
bly unlimited, but because of certain technical difficulties wavelengths 
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outside approximately 2 to 30 meters are not generally available for 
biological work. 

In many of the early investigations in which high-frequency electric 
currents were used the temperature was not controlled; as a result a 
difference of opinion arose as to whether the biologic effects observed 
were due to the action of the current which produced disturbances in 
the chemical equilibrium in the cell or to the action of the heat induced 
by the current. More recently a number of investigators have care¬ 
fully controlled the temperature during the exposure period, so that 
this factor can probably be disregarded in considering their results. 
Szymanowski and Hicks (1932), Hicks and Szymanowski (1932), 
Fabian and Graham (1933), Hasch4 and Loch (1937), and Schenck 
(1938) have studied the effect of high-fre^iuency radiation on bacteria, 
toxins, antibodies, and bacteriophage and its use in the treatment of 
certain diseases and tumors. It is difficult to compare the data, because 
different exposures were used by the various workers and all of them 
did not study the same materials. Fabian and Graham reported that 
in a high-frequency displacement current of 10 megacycles (corre¬ 
sponding to a wavelength of approximately 30 meters per second and 
an intensity of 0.08 ampere) Escherichia coli continued to multiply 
at a normal rate. However, when the current was increased tenfold 
to 0.8 ampere, the lethal action of the current became evident. In 
fact, when the logarithms of the numbers of survivors were plotted 
against time, a typical straight-line survivor curve resulted, indicating 
a regular order of death. Frequencies of 7.5 and 15 megacycles were 
less effective as far as killing action on bacteria was concerned. These 
results are typical of those reported by other workers. 

The use of electricity to pasteurize milk and to sterilize water has 
been proposed, but because of the expense and certain technical diffi¬ 
culties the procedure has not been able to compete with the other 
established methods of treatment. 

MAGNETISM 

When suspensions or plate cultures of bacteria are subjected to 
magnetic forces, little, if any, appreciable effect is observed. Leusden 
(1929) found magnetic forces to have no inhibitory action on Escheri^ 
chia coli or Staphylococcus aureus; and Jennison (1937) detected no 
change in morphology, size of colonies, pigment, or spore production 
when he exposed 25 species of bacteria, yeasts, and molds to an elec¬ 
tromagnet with an intensity of approximately 3,000 gauss ^ for 48 

^ A gauss is the unit of magnetic force or intensity which exists at unit distance 
from a unit pole. It is derived from the absolute system of measurements. 
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hours at about 25®C. On the other hand, Kimball (1938) reported 
that the heterogeneous field of a small horseshoe magnet distinctly 
retarded the budding of yeast cells, and Lenzi (1940) has reported that 
electromagnetic fields of from 1,500 to 1,700 gauss may affect biological 
(tumors, Pseudomonas aeruginosa^ and Saccharomyces cerevisiae) and 
colloidal systems if the exposure is for long periods of time. 

PRESSURE 

The action of pressure on bacteria and related bodies will be briefly 
discussed under the headings mechanical pressure^ osmotic pressure^ 
and gaseous pressure. All these can probably be regarded as physical 
forces, but, since osmotic pressure is so closely related to the cell 
membrane and is controlled to such a large extent by various chemical 
agents, some mention will be made of it in other places. Compara¬ 
tively little is known about the influence of pressure on bacterial proc¬ 
esses, although the subject has interested bacteriologists for a number 
of years and many reports have been published. 

MECHANICAL PRESSURE 

The mechanical pressures employed by workers before 1900 were 
so low that they could hardly be expected to have any great effect 
upon bacteria. An example is shown in the work of Certes (1884), 
who reported that a pressure of 600 atmospheres (atm.) (approxi¬ 
mately 9,000 lb.) for 24 hours had no influence on the pathogenicity 
of Bacillus anthracis. Just after the turn of the century, however, 
Chlopin and Tammann (1903) were able to employ pressures suffi¬ 
ciently great to note definite influences on bacteria, yeasts, and 
molds. The maximum pressure used by these w’orkers was approxi¬ 
mately 3,000 kg./cm.^ [1 kg./cm.^ or 14.7 Ib./in.^ is approximately 
1 atm., and 1 Ib./in.^ may be considered 0.07 kg./cm.^ or 0.068 atm.]. 
None of the organisms employed was killed, but various restrictions 
were observed, including (1) a partial loss of motility, (2) a decrease 
in the ability to multiply, (3) various changes in metabolism and pig¬ 
mentation, and (4) a decrease in virulence. Vibrio comma and Pseudo¬ 
monas aeruginosa were the most sensitive to pressure, whereas B. an¬ 
thracis and yeast were found to be particularly resistant. 

This work was greatly extended by Hite, Giddings, and Weakley 
(1914), who applied maximiun pressures of approximately 120,000 
Ib./in.^ to a number of bacteria. For cultures of Serraiia marcescens, 
Aerobacter aerogenes, and Streptococcus lactis the pressure death point 
was found to be as follows: for an exposure of about 4 to 5 minutes, 
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pressures between 85,000 and 100,000 Ib./in.^ were required; for a 
10-minute exposure, 50,000 to 65,000 Ib./in.^; and for an exposure of 
1 hour, between 30,000 and 45,000 Ib./in.^. Eberthella typhosa and 
Caryn^Hicterium diphtheriae were most sensitive to liigh pressures, being 
IdllfKl by 40,000 to 45,000 lb. The pressure death point of a yeast, 
Saccharomyces cerevismey was found to be 85,000 Ib./in.^ for a 5-minute 
exposure and 30,000 to 35.000 lb. for 1 hoards exposure. Still higher 
pressures were used by Larson, Hartzell, and Diehl (1918). Maximum 
pressures of 12,000 atm. (approximately 175,000 Ib./in.^) were reached. 
Escherichia coliy Proteus vulgariSy Eberthella typhosoy Bacillus subtilis, 
staphylococci, streptococci, and pneumococci were subjected to such 
pressures with the hope of extracting the antigenic principle from bac¬ 
teria and thus making better antigens for use in vaccine therapy. It 
was found that a direct pressure of 6,000 atm. killed the non-spore¬ 
forming bacteria in 14 hours but that about twice this pressure for 
the same time was required to kill spores. 

More recently in France Basset, Macheboeuf, and Wollman (1937) 
employed hydrostatic pressures up to 20,000 atm. (294,000 lb.) in 
studying their effect on bacteria, viruses, toxins, malignant tumors, 
and enzymes. Nonsporulating bacteria, such as Escherichia coliy 
Eberthella typhosuy pneumococci, and staphylococci, resisted pressures 
up to 5,000 atm. for 45 minutes but failed to survive when 6,000 atm. 
was applied for the same time. The sporulating bacteria (Bacillus 
subtilis, Bacillus megatheriuniy and Clostridium tetani), on the other 
hand, survived compression at much higher pressures; in fact, B. 
subtilis spores were not destroyed after 45 minutes at 20,000 atm. 
The diastases were not completely inactivated until pressures of 12,000 
to 13,000 atm. were reached; pancreatic lipase was destroyed at 11,000 
atm., but trypsin was not completely inactivated even when com¬ 
pressed at 17,000 atm. The bacterial toxins (diphtheria and tetanus) 
were attenuated in the range 12,000 to 15,000 atm. and were completely 
inactivated at 16,000 to 18,000 atm. Several viruses, including those of 
vaccinia, herpes, rabies, and encephalomyelitis, were studied. For 
the most part they resisted 1,000 to 2,000 atm. but were generally 
inactivated by pressure just below 5,000 atm. The encephalomeylitis 
virus was the most resistant of all, being able to stand compressions of 
6,500 atm. Four bacteriophages, a Rous sarcoma filtrate, and a trans¬ 
plantable mouse tumor were all inactivated in the same range as the 
viruses. Matthews, Dow, and Anderson (1940) found that pressures 
ranging between 5,000 and 6,000 kg./cm.^ completely destroyed the 
activity of pepsin and rennin. Lauffer and Dow (1941) have observed 
that the tobacco mosaic virus nucleoprotein is almost completely in¬ 
activated in a few minutes at a pressure of about 7,500 kg./cm.^. 
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Very little is known concerning the mechanics involved in the inacti¬ 
vation of enzymes, viruses, bacteria, and related bodies by high pres¬ 
sures. As brought out by Cattell (1936), the pressures required to 
destroy some of these substances are very nearly the pressure necessary 
to produce the first perceptible clouding of pure protein solutions. 
Since the clouding of protein solutions under pressure is in the nature 
of an irreversible denaturization, it is possible, even in the absence of 
any precise knowledge of the structure of bacteria and viruses, to 
suppose that this type of change plays a part in bringing about their 
inactivation. Other factors, however, are involved and Cattell believes 
that changes in function resulting from high pressure must find their 
final explanation in connection with the physical and chemical proper¬ 
ties of liquids, such as, for example, changes in volume, rates of chemi¬ 
cal reactions, viscosity, and ionic dissociation. Volume changes seem 
to be of great significance, since pure water under a pressure of 12,000 
atm. at room temperature will show a reduction of almost 20 per cent 
in volume. The velocity of chemical reactions in the liquid phase is 
increased by a rise in pressure; in fact, Cattell refers to data which 
show five- to tenfold increases for a number of organic reactions when 
subjected to 3,000 atm. Viscosity changes seem to be of the greatest 
magnitude, since reports indicate that a pressure of 12,000 kg./cm.^ 
may increase the viscosity of certain chemicals many hundred times. 
On the other hand, water shows a decrease in viscosity when com¬ 
pressed. Pressure, in general, increases the dissociation of electrolytes 
in a weak solution. 

Here again, as with other physical agents, no one factor explains 
the behavior of protoplasm when subjected to mechanical pressure. 

OSMOTIC PRESSURE 

In this brief treatment of osmotic pressure and its relation to bac¬ 
terial proceases, only some of the more general effects of the changes 
in substrate will be discussed. The phenomenon is truly a physical 
influence, but it is so intimately related to the cell itself and to certain 
chemical factors that it would be difficult to discuss the subject in full 
without becoming involved in the action of chemical agents on bacteria 
and the role played by the semipermeable membrane of the cell. There¬ 
fore further mention of osmotic pressure is made elsewhere, especially in 
Chapter 1, Some Physico-Chemical Properties of Bacteria and Their 
Environment. 

It is a well-known fact that, when two solutions of the same sub¬ 
stance, but in different concentrations, are mixed, diffusion will take 
place. The solute, as well as the solvent, will tend to diffuse from the 
region of high concentration to one of less concentration. If these same 
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two solutions are separated by a semipermeable membrane, which will 
allow the solvent to diffuse but not the solute, a pressure will be exerted 
on the membrane. The pressure which will produce a condition of 
equilibrium in this system or will prevent the solvent from flowing 
in either direction is spoken of as os^motic pressure. Osmotic pressure 
is usually expressed in atmospheres. A number of factors influence 
this phenomenon, such as the extent of dissociation of the solute, the 
rates of diffusion of the various substances in solution, and their molec¬ 
ular weights. These topics will not be discussed here because they 
become too involved and because they are readily available in the 
literature. 

The membrane surrounding bacterial cells and spores is a differential 
membrane of some type and can thus be placed in the category of 
semipermeable membranes. This membrane allows water and certain 
inorganic and organic substances in solution to pass, Avhile other ma¬ 
terials are held back. How this permeability is brought about and 
controlled is not known. In so far as the cell is concerned, three 
different substrates are possible. Those solutions which are supposedly 
in osmotic equilibrium with the cellular protoplasm are spoken of as 
isotonic solutions. Solutions having less osmotic pressure than that of 
the cellular protoplasm are said to be hypotonic solutions, and those 
solutions having a greater osmotic pressure than the cell are known 
as hypertonic solutions. It can be readily seen that, when cells are 
placed in a hypotonic solution, the water (solvent) will pass into the cell 
in an effort to bring the system into equilibrium. The cellular proto¬ 
plasm swells and, if the internal pressure becomes great enough, the 
cell membrane bursts. This is called plasmoptysis. Actually, it is 
doubtful whether bacteria are ever destroyed by this process in nature. 
On the other hand, when cells are placed in hypertonic solutions, the 
water in the cell passes into the surrounding medium, the cell contents 
shrink, and the cell loses turgor. This is spoken of as plasmolysis. 

The preservation of many foods by salt and sugar is probably due 
to the plasmolytic changes which they exert on bacteria. It must be 
kept in mind, though, that several bacteria can grow in solutions having 
extremely high osmotic pressures. For example, Stuart, Frey, and 
James (1933) reported several instances where organisms could be 
cultivated in media containing 30 per cent sodium chloride. The 
upper limit of osmotic pressure of liquid media for the germination of 
spores of Bacillus mycoides is in the range of 36 to 46 atm., according 
to Curran (1931), but the optimum tension for germination is much 
lower than this range. Usually values below 7 atm. give the best results 
when the nutritional conditions are at an optimum. The osmotic 
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tension necessary for spore germination is generally lower than that 
required for maximum vegetative development. Osmotic pressure also 
has an influence on bacterial luminescence [Schoepfle (1941)]. 

GASEOUS PRESSURE 

Considerable work has been done on the optimum gaseous tension of 
media in relation to food supply, optimum growth, anaerobic condi¬ 
tions, and effects on the morphology and physiology of the cell. These 
topics are discussed on pp. 108 and 630 to 635. Little work has been done 
on the influence of gases under high pressure on bacterial processes. 

Some interesting bacteriological data were obtained by Larson, 
Hartzell, and Diehl (1918), using gases such as carbon dioxide, hydro¬ 
gen, and nitrogen under pressure. Their results may be briefly sum¬ 
marized as typical findings. The nonsporulating bacteria studied were 
killed by carbon dioxide of 50-atm. pressure in about 1 ^ hours, whereas 
yeast cells withstood the same action for more than 24 hours. They 
concluded that the lethal action of this gas was not due to changes in 
pH, but rather to sudden changes in the osmotic tension of the fluid 
in which the bacteria were suspended. Many Gram-negative bacteria 
could be broken up by the sudden release of the carbon dioxide, whereas 
the Gram-positive bacteria suffered little or no morphologic change, 
even though they were killed. A 120-atm. pressure of hydrogen killed 
10 to 40 per cent of the cells in a suspension of Escherichia colt after 
24 hours. The most marked effect of hydrogen gas on bacteria was its 
tendency to affect their staining reaction. Gram-positive bacteria 
often became Gram-negative, and even the acid-fast property of the 
tubercle bacillus was impaired. The pathogenicity of the pneumococ¬ 
cus for white mice was unaltered by treatment with hydrogen gas under 
pressure. Bacteria were not killed, nor did they show any morphologic 
change when they were subjected to nitrogen gas under a pressure of 
120 atm. All their experiments showed this gas to be inert in its action. 

SURFACE TENSION 

Surface tension is another physical force which has received consid¬ 
erable attention from the bacteriologist. Cell division and growth, 
pellicle formation, protoplasmic streaming, and permeability changes 
have been, at one time or another, regarded as purely surface-tension 
phenomena. It would be quite extraordinary if surface tension did 
not play a part in some of these processes. Just how far the laws of 
physical chemistry can be applied to protoplasm, a system which 
undoubtedly includes infinitely more variables than the systems for 
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which the laws were proposed, however, is a problem which requires 
careful consideration by all biologists. Let us explain further by di¬ 
gressing a little to mention the simple law of diffusion. 

This law states, in part, that the rate of diffusion of a pure solute in 
a pure solvent is inversely proportional to the molecular size of the 
solute. This is not always the case in protoplasm, where salts often 
enter the cell more slowly than do certain large organic molecules. 
Many of the fundamental physical laws can be applied with great suc¬ 
cess to biological problems, but they do not explain the behavior of 
protoplasm. Surface-tension measurements are no exception. Such 
applications are interesting and instructive but, for the most part, 
highly speculative. 

Surface teu&ion may be defined simply as a force per unit length 
tangential to the surface of a liquid at a constant temperature and is 
expressed in dynes per centimeter [Antonoff (1943)], or it is the force 
necessary to overcome the tendency of the liquid to maintain a mini¬ 
mum surface area. To measure the force of surface tension several 
procedures have been proposed. The one used most commonly employs 
a Du Nolly “tensiometer,^’ which is calibrated to give readings directly 
in dynes per centimeter. 

The foregoing definition refers to the tension exerted by a liquid 
against air and does not apply to the tension of a bacterium against its 
medium, which is called interfacial tension. The assumption that sub¬ 
stances which alter surface tension will exhibit a like change on the 
interfacial tension lacks proof, since there is no satisfactory method of 
measuring the interfacial tension between a bacterium and its substrate. 
Therefore the use of the term surface tension in physico-biological 
reasoning must be accepted with some reservations, especially in 
reference to the bacterium-medium relationship. This statement does 
not imply that surface tension per se and its indirect effects, whatever 
they may be, are not important in bacteriology. It has been shown, 
for example, that those organisms which normally form a pellicle on 
liquid media of high surface tension may form no pellicle at all if the 
tension is lowered below a certain point. Other processes can also be 
associated with surface-tension values. Distilled water has a surface 
tension of 74.9 dynes per centimeter at 5°C., 72.8 dynes at 20®C., 70 
dynes at 40®C., and 61.5 dynes at 100®C. Ordinary nutrient broth 
gives readings between 57 and 60 dynes per centimeter, and certain 
inorganic media may give values as high as 73 dynes per centimeter. 
Many organic acids and alcohols, soaps, saponins, and other substances 
have the property of markedly lowering the surface tension of liquids 
such as culture media, whereas some of the inorganic salts may bring 
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about a slight increase in the surface tension of media. When employ¬ 
ing these chemicals to bring about changes in tension, the investigator 
must be certain that they are not directly the cause of the alteration in 
the bacterial processes under investigation rather than the surface 
tension. 

Some of the bacterial functions influenced by, or associated with, 
surface tension are rather interesting, and several of the published 
reports may be briefly mentioned. For a review of the subject up to 
1932 the paper by Lasseur, Vernier, Dupaix, and Georges (1932) 
should be consulted. Larson, Cantwell, and Hartzell (1919) and Larson 
(1921) were undoubtedly the first to make a direct study of the effect 
of lowered surface tension on the growth of bacteria. Bacillus subtilis 
did not form a pellicle in media whose surface tension was reduced 
to 45 dynes, but grew in the body of the medium. The growth of 
pneumococci and streptococci was depressed at a surface tension below 
50 dynes per centimeier. Certain intestinal bacteria, however, grew 
well in media of low surface tension. Kopeloff and Beerman (1927) 
found that, on the average, strains of Lactobacillus acidophilus were 
able to grow at a surface tension of 3 or more dynes below that of the 
Lactobacillus bulgaricus strains employed when sodium ricinoleate was 
used as the depressant. The average critical point of L. acidophilus 
was 37.9 dynes, whereas the critical point for L. bulgaricus strains 
was 5.2 dynes higher, or 43.1 dynes. Curran (1931) observed that a 
reduction of the surface tension of the media from 50 to 35.1 dynes 
had no appreciable effect upon the rate of germination of Bacillus 
mycoides spores. Below 32.8 dynes there was a marked decrease in both 
the rate and total germination of spores. Thus, it was concluded that 
surface tension is not a significant factor in the germination of bacterial 
spores under ordinaiy environmental conditions. According to Las¬ 
seur, Vernier, Dupaix, and Georges (1932), various species of bacteria 
react differently towards the same surface-tension depressant. Bacillus 
subtilis, Bacillus mesentericus, and Bacillus megatherium were found to 
be especially sensitive to the action of sodiupi glycocholate and sodium 
taurocholate and failed to develop at all if the tension was reduced 
from 54.5 dynes per centimeter to 37.2 to 37.5 dynes per centimeter. 

SOUND WAVES {SONIC AND ULTRASONIC VIBRATIONS) 

Some of the biological effects of sound waves were clearly demon¬ 
strated by Wood and Loomis in 1927. Since that time the action of 
such vibrations at different intensities on biological systems has re¬ 
ceived considerable attention from biologists working in many fields. 
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Sound has been defined as a disturbance of such a nature that, when 
it falls upon the ear, it is capable of exciting the auditory nerve. This 
definition, of course, applies only to vibrations within the audible range. 
A sound having a frequency of less than 32 or more than 32,000 vibra¬ 
tions per second is generally inaudible to the average human ear. How¬ 
ever, a sharp line cannot be drawn between the audible and inaudible 
regions. Ultrasonics include any sounds above the audible range, but, 

since this is indefinite, any fre¬ 
quency above about 10,000 vi¬ 
brations per second is usually 
considered to be in the ultrasonic 
range. 

Chambers and Gaines (1932) 
studied the effect of sound waves 
of an audible frequency (8,900 
cycles per second), but of very 
great intensity, on several biolog¬ 
ical processes. The sonic waves 
were produced by a cold-drawn 
nickel tube vibrating in a strong 
electromagnetic field in resonance 
with a high-volt oscillating power 
circuit. The vibrating element 
w^as submerged in a water jacket 
during the operation. This was 
found necessary, for, if no liquid 
damper was provided, the vibra¬ 
tions were so intense as to over¬ 
come the tensile strength of the 
nickel tube. Materials to be treated were placed in tubes or flasks and 
were held about 2 mm. above the end of the vibrator. Isotonic suspen¬ 
sions of red blood cells were lysed completely after about 10 minutes^ 
treatment. The leucocyte^ present in the suspension had their cyto¬ 
plasm stripped away, but the nuclei apparently remained uninjured. 
The rate of death of a 12-hour culture of Escherichia coli was found to 
follow the logarithmic law of death. Quite different results were 
obtained, however, when old (5- to 14-day) cultures were subjected to 
the same exposure. During the first few minutes the rate of destruc¬ 
tion paralleled that in a young culture, but after about 5 to 10 minutes 
the rate began to lessen, and the logarithmic curves tended to level off 
asymptotically (Fig. 7). This change was possibly due to the fact 
that in the old cultures there were present more resistant forms. In- 



Fig. 7. Survivor-Time Curves of J?s- 
cherichia coli Cultures of Different Ages. 
(1) 12-hour culture; (2) 5-(lay culture; 
(3) 8-day culture; (4) 14-day culture. 
(From Chambers and Gaines, 1932.) 
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creased resistance has been held accountable for similar results when 
heat, chemicals, and other bactericidal agents have been used. 

Chambers, Flosdorf, Mudd, and their coworkers [see Flosdorf, 
Kimball, and Chambers (1939)] at the University of Pennsylvania have 
employed sonic vibrations of a frequency of approximately 8,900 cycles 
per second to rupture bacterial cells and liberate certain antigenic sub¬ 
stances which are normally very labile. LeGalley and Patterson 
(1940) have also used sound waves of the same frequency in an attempt 
to sterilize bacterial cultures. They concluded that the method was of 
little practical value for vaccines, since the investigator could not be 
certain of sterility. 

Rivers, Smadel, and Chambers (1937) partially inactivated the ele¬ 
mentary bodies of vaccinia virus in 15 minutes by sonic vibrations with 
a frequency of about 8,900 cycles per second. The elementary bodies 
were not disrupted by such treatment, and these workers suggested 
that oxidation may play some role in the inactivation of the virus 
particles. Hopwood, Salaman, and McFarlane (1939) irradiated vac¬ 
cinia virus at 550 kilocycles per second in a thin-walled glass tube con¬ 
taining phosphate buffer. Three successive exposures lasting 1§ 
minutes were given. Intracutaneous inoculations in the rabbit showed 
no significant difference between the titers of the original undried virus 
and that treated with ultrasonic vibrations. The microscopic appear¬ 
ance, the sedimentation rate, and the boundary homogenicity were also 
unaffected by the ultrasonic treatment. From these findings it seems 
that further work is necessary before any definite conclusions can be 
drawn concerning the effect of sonic or ultrasonic vibrations on vaccinia 
virus. 

Ultrasonic waves from 1(X),000 to 2,250,(X)0 cycles per second are 
produced as a result of certain crystals, such as quartz, expanding 
and contracting under the influence of a periodic electric field. This 
phenomenon is known as the piezo-electric effect or property of crystals. 
Paic and his coworkers (1935) observed that crystals vibrating at 
280,000 cycles per second had no destructive action after 2 hours on 
diphtheria and tetanus toxin, a coli bacteriophage, the herpes virus, 
complement, or a number of different microorganisms. On the other 
hand, the work of Takahashi and Christensen (1934), Yen and Liu 
(1934), Beckwith and Weaver (1936), and Kasahara, Sha-Shi-Nan, and 
Kakusui (1939) demonstrates that yeast, bacteria, toxins, viruses, and 
other substances may be destroyed by such w aves. Although it has 
been reported that bacteriophage is unharmed by supersonic waves, 
recent studies by Krueger, Brown, and Scribner (1941) indicate that 
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staphylococcus phage is inactivated in a logarithmic manner by sonic 
vibrations of a frequency of 9,000 cycles per second. 

The mechanism involved in the destruction of living cells and other 
bodies by sound waves is not known. It seems that some cells are 
literally tom apart, while in others inactivation results without visible 
injury to the cells. Possibly the inactivation is due to “intra- or extra¬ 
cellular ebullition of dissolved gases,’’ or to oxidative changes. It 
has been demonstrated several times, however, that, when red blood 
cells or bacteria are placed in a vacuum and then exposed to such vibra¬ 
tions, they are not destroyed. 

Sound waves also produce many interesting changes in nonliving 
colloidal systems. According to Sollner (1944), for example, they 
cause, on the one hand, disruptive and destructive phenomena such as 
peptization, dispersion of certain solids in liquids, and formation of 
fogs; whereas, on the other hand, they bring about orientation, aggre¬ 
gation, and coagulation in some liquid and gaseous colloidal and semi- 
colloidal systems. 

FILTRATION 

The separation of bacteria from liquids by mechanical means ap¬ 
parently dates back to 1871, when Tiegel, with the aid of a Bunsen air 
pump, passed anthrax fluids through a crude filter made of porous 
unburat clay. In 1884 Chamberland employed cylinders composed of 
unglazed porcelain for filtration experiments, and later, in 1891, filters 
of infusorial earth or kieselguhr were made by Nordtmeyer and named 
Berkefeld filters in honor of the owner of the mines from which the in¬ 
fusorial earth was first obtained. Since that time several other filters 
have been developed for bacteriological and virus work. The applica¬ 
tion of the principles of filtration to water and sewage purification and 
to the removal of bacteria from the air will not be discussed here, since 
they are treated in detail in other courses. 

Filtration methods are used for three main purposes in the bacterio¬ 
logical laboratory: (1) to clarify media by removing the gross particles; 
(2) to remove bacteria from fluids, while allowing toxins, viruses, etc., 
to pass into the filtrate; (3) to separate selectively bacteria from viruses 
or one virus from another —a technique known as uUraflliration, Usually 
the first procedure is carried out by merely passing the material to be 
filtered through a glass funnel fitted with filter paper, cotton, or glass 
wool. The seccoid procedure is generally referred to as bacterial filtror 
Hon and consists of aspirating the material through special filters into 
sterile glass containers. Several of the filters which can be used are: 

1. Diatomaceous earth {kieselguhr) filters. The Berkefeld filters and 
the Handler filters belong tp this group. Both are widely used in bac- 
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teriological laboratories and are manufactured in several different sizes 
and grades. They are shaped like a hollow candle, closed at one end 
and usually fitted with a metal collar and nozzle at the other end. 
Their main disadvantage is the danger of a leak developing at the 
cemented metal-filter junction. Berkefeld fillers are molded from a 
mixture of sifted kieselguhr, organic matter, and asbestos. Three 
grades, V (coarse), N (normal), and W (dense), are available, the classi¬ 
fication being based on the rate at which pure water passes through them 
under a certain pressure. The Berkefeld V filter is usually employed 
to remove coarse particles from suspension, since its pores are too large 
for it to serve efficiently as a bacterial filter. The N grade is the one 
most commonly used to obtain a bacteria-free filtrate. W-grade 
Berkefelds are also very efficient, but because of the small diameter of 
their pores the rate of filtration is very slow. The mean pore diameter 
of these filters is listed in Table 15. 

Handler filters are similar in appearance, function, and operation to 
Berkefeld filters. They differ only slightly in composition, being com¬ 
posed of kieselguhr (60 to 80 per cent), asbestos (10 to 30 per cent), 
and plaster of Paris (10 to 15 per cent). By a slight variation in the 
proportion of these substances three porosities, based on the air pres¬ 
sure they stand in water, are obtained: Preliminary, 2 to 5 lb.; Regular, 
6 to 9 lb.; and Fine, 10 to 16 lb. per sq. in. 

2. Porcelain filters. The so-called porcelain filters are usually shaped 
like a hollow candle and closed at the lower end. The lower portion is 
unglazed and is the section of the filter concerned with filtration. The 
upper portion is of glazed porcelain. They are molded from kaolin 
and mixtures of silica, allowed to dry, and then hardened by heating 
to a temperature just below the sintering point. Tbe best kno^^^l of 
this group is the Chamberland-Pasteur type. Similar ones, known as 
the Doulton, the Allen, the Maassen, and the Coors filters, are fre¬ 
quently used for certain work. The Chamberland-Pasteur types are 
available in several grades, depending upon their porosity. Those 
designated as LI are the most porous and allow the passage of most 
bacteria. Under controlled conditions L3 filters will hold back all 
bacteria, and L5 some of the viruses. Chamberland filters of decreasing 
porosity are designated as L7, L9, Lll, and L13. Porcelain water 
filters of this type are marked F and B and correspond to the L5 and 
L7 laboratory filters. 

3, Plaster of Paris filters. Filter candles are sometimes made in the 
laboratory from a mixture of plaster of Paris. Such filters are known as 
Kramer filters. They differ from other bacterial filters in that they 
carry a positive electric charge. 
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4* Asbestos filters (Seitz), Specially molded asbestos discs which fit 
into a metal or glass container known as the Seitz filter are used a great 
deal. The asbestos discs are manufactured in various sizes and in two 
grades, K for clarifying media and EK for removing bacteria. The 
discs can be used only once, then they must be discarded. 

5. Sintered (fritted) glass filters. Filters of this type now enjoy 
wide popularity in bacteriological work. They are made from Jena 
20 glass which has been ground to very fine particles of uniform size, 
molded in the form of a small disc, and then heated to the sintering 

TABLE 15 

Some of the Common Filters Used in the Bacteriology Laboratory 


Filter 

Designation 

Size 

Approxi¬ 

mate 

Mean Pore 
Diameter 

Approxi¬ 
mate 
Amount 
of Liquid 
Retained 
by Filter 

Berkefeld 

V 

X I in. 

8.0-12.0 M 

3.0-4.0 ml. 


N 

2i X 1 in. 

5.0-7.0 M 

3.5-4.0 ml. 


W 

2^ X f in. 

3.0-4.0 M 

3.0-4.0 ml. 

Mandler 

Preliminary 





4 lbs. (205 mm. Hg) 

5 X 1 in. 

9.0-9.5 M 

3.6-4.0 ml. 


Regular 





6 lbs. (310 mm. Hg) 

2^ X 1 in. 

6.8 m 



Regular 





9 lbs. (465 mm. Hg) 

If X 1 in. 

4.2 m 


Chamberland 

L3 

155 X 15 mm. 

2.5-2.7 M 

7.0-7.6 ml. 


L3 

75 X 15 mm. 

2.5-2.7 M 



L5 (F) 

75 X 15 mm. 

1.5-1.7m 



L7(B) 

75 X 15 mm. 

< 1.3 M 


Sintered (fritted) 

3G5 auf 3 

30-50-ml. 

1.01-1.09 M 


glass 

Pyrex 

capacity 



Seitz filter discs 1 

EK 

60 mm. 


6.0 ml. 



35 mm. 


2.0 ml. 

Ultrafilters 

Collodion 


Can be 

Insignifi- 


(Gradocol) 


graded 

cant 


membranes 


from 3.0 m 





to 10.0 mM 
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point without the addition of any other substance. The discs are then 
fused into glass vessels of the desired shape and capacity. Usually 
one relatively porous disc, of, say, porosity 3, is put in place, and then 
one that is less porous, perhaps of porosity 5, is superimposed on it. 
The first layer serves mainly as a support for the thinner, less porous 
disc. Such filters are now available in this country, being made of 
Pyrex by Corning [see Morton (1943)]. 

Morton's discussion (1938) of bacterial filters and filtration tech¬ 
niques is very comprehensive. 

Some of the data from his paper 
are incorporated in Table 15. 

Because of several disadvan¬ 
tages inherent in the filters just 
mentioned, an entirely different 
type has been developed in an 
effort to reduce the technique of 
filtration to a process in which 
the size of the particle largely 
determines its passage through 
the filter. This technique is 
known as ultrafiUration and is 
especially applicable in the sepa¬ 
ration of one virus from another or the determination of the size of par¬ 
ticles which are below the range of the ordinary microscope. 

Many different jelly ultrafilters have been designed to separate 
colloids from one another, from their solvents, and from dissolved crys¬ 
talloids. The types best suited for bacteriological work were introduced 
by Elford (1931) and are known as “Gradocol membranes." The prep¬ 
aration of such membranes requires not only special apparatus but 
considerable technical skill if uniform results are to be obtained. A 
detailed description of the technique to be followed is given in the re¬ 
ports by Elford (1931, 1933, 1938) and Ferry (1936). Briefly, the pro¬ 
cedure consists of preparing in the proper proportions a stock solution of 
collodion, consisting of Parlodion or Celloidin, amyl alcohol, and an 
alcohol-ether mixture. This is known as the “parent" collodion solu¬ 
tion; and, when it is held at a constant temperature and properly 
poured into a special glass cell, allowed to set, and then carefully 
washed in distilled water, a membrane from it will have an average 
pore diameter of about 750 mju. None of the pores will probably vary 
by more than 5 to 10 per cent from this mean value. Membranes more 
porous than this are obtained by adding small percentages of water to 
the parent; less porous membranes are made by adding to the parent 
small percentages of a good solvent, such as acetic acid. Figure 8, 



Fig. 8. Influence of the Addition of 
Solvent and Nonsolvent on the Mem¬ 
brane Porosity of the “Parent^' Col¬ 
lodion. (From Elford, 1938.) 
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adopted from the paper by Elford, shows how the membrane porosity 
can be altered by the addition of a solvent or nonsolvent to the parent 
solution of collodion. Intermediate grades are obtained by varying the 
evaporation time. The shorter the period, the more porous will be 
the membrane. 

After the membranes have been prepared, they must be carefully 
calibrated by special apparatus. This process is usually accomplished 
by determining the critical air pressure of the membrane, that is, the 
amount of air pressure which must be exerted against the membrane 
when it is submerged in water to cause air bubbles to escape from the 
outer surface, or by measuring the rate of flow of water through the 
membrane under certain standard conditions. By substituting in 
standard equations the values obtained in such procedures, the average 
diameter of the pores in microns may be deduced. The membranes 
are then stored in sterile distilled water ready for use. 

Quantitative Estimation of Particle Sizes by Ultrafiltration. 
There are several methods for determining particle sizes of various 
bodies. The most direct method is by optical observation, which is 
applicable down to diameters of 0.2 to 0.25 p, (200 to 250 mju) under the 
\rery best conditions. By use of ultraviolet photomicrography bodies 
with diameters as low as 0.10 n to 0.075 m (100 to 75 m/x) may be 
resolved. A more promising method at present is ultracentrifugation. 
However, at best it requires relatively elaborate apparatus and a means 
of analyzing the system while in the process of centrifuging. 

The estimation of particle sizes by ultrafiltration may be used where 

TABLE 16 

The Correction Factor to Be Applied to Ultrafiltration Membranes of 
Different Porosities to Determine the Particle Size 

[From Elford (1933)] 

Membrane Limiting 

Pore Diameter Factor to Employ 

10-100 mu 0.33-0.5 

100-600 mju 0.5-0.75 

600-1,000 mM 0.75-1.0 

the other methods are unsuitable or not available. This method does 
not permit so accurate an analysis of a disperse system as does using 
the ultracentrifuge, but it has been successfully applied to different 
viruses and bacteriophages. Briefly, the technique, as developed by 
Elford) consists of determining what is known as the '^filtration end¬ 
point” and applying to it an empirical correction factor. The correction 



FILTRATION 


213 


factor has been deduced by filtration of systems of known particle 
size and determination of the ratio between the diameter of the known 
particle and the average pore diameter which just prevents the particle 
from passing through the membrane. 


TABLE 17 

Comparison of the Particle Sizes of Several Bodies as Indicated by 
Ultuafiltration, Ultraviolet Light Photography, and 
Centrifugation 


[From Elford (1938)1 


Ultrafiltration 


Micro¬ 
scopy and 
Ultra¬ 
violet 
Light 



Filtration 

Particle 

Photog¬ 

Centrif¬ 


End-point, 

Size, 

raphy, 

ugation, 


milli¬ 

milli¬ 

milli¬ 

milli¬ 

Body 

microns 

microns 

microns 

microns 

Serratia marcescens 

750 

750* 

750 

750 

Psittacosis virus 

400 

200-300 

300 


Bovine jileuropneumonia organism 250 

125-175 

200 

150 

Sewage organisms A, B, and C 

250 

125-175 


150 

Vaccinia virus 

250 

125-175 

160 

180 

Canary pox virus 

250 

125-175 

160 

120 

Herpes virus 

200 

100-150 


160 

Rabies virus 

200 

100-150 


... 

Influenza virus f 

160 

80-120 


90 

Potato virus X 

150 

75-112 



Vesicular stomatitis virus 

120 

60-90 

90 

70 

Fowl plague virus 
Bacteriophages: 

120 

60-90 

75 

88 

Typhoid 105a 

120 

60-90 


75 

Staphylococcus 

110-120 

60-90 


70 

Megatherium (De Jong) 

80-00 

30-45 


35 

Equine encephalomyelitis virus 
Bacteriophages: typhoid III, 

70 

C36, 

25-35 


35 

D13, D20 

60 

20-30 



Hemocyanin (Helix) 

55 

18-28 


24 

Tobacco mosaic virus 

30 

10-16 


30 

Poliomyelitis virus 

25 

8-12 



Footrand-mouth disease virus 

25 

8-12 


20 

Edestin (crystallized) 

18 

0-9 



Hemoglobin molecule (horse) 


2.8 X 0.6 


— 

Egg albumin molecule 


1.8 X 0.6 




* Used as one of the standards to calibrate the membranes, 
t According to Stanley (1944), influenza virus activity is associated solely with 
material having a particle diameter of about 70 ium. 
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To determine the filtration end-point a series of membranes having 
progressively finer porosities (Gradocol membranes) and the other 
ultrafiltration equipment are essential. A solution of 5 to 10 ml. or 
more, containing the body whose size is to be estimated, is then passed 
through the series of graded membranes, starting with the one having 
the largest porosity and working down through those having progres¬ 
sively finer porosities. This procedure is continued under optimum 
filtration conditions until a membrane is found which is just able to re¬ 
tain completely all the dispersed particles. If the average pore diameter 
of the retention membrane in micra is known, the average size of the 
particle can be determined by simply multiplying the value by Elford^s 
correction factor for the particular membrane range. The Elford 
correction factors are given in Table 16. 

Some estimations using this particular method are given in Table 17, 
adopted from Elford (1938), which also shows the values obtained by 
other techniques. It will be noted that the agreement is good. Elford 
recommends, however, that the estimation of particle sizes from filtra¬ 
tion data be checked by other physical methods whenever they are 
available. 

Factors Involved in Filtration. Many of the early workers who 
used filtration methods were of the opinion that the process was simply 
one of mechanical sieving; that is, the bacteria were held back because 
the pores of the filter were too small to allow passage. Such reasoning 
was partly correct but did not go far enough, for we now know that 
other factors, both physical and chemical, are involved. Three of the 
important factors will be briefly described. 

1. Surface Adsorption. The importance of surface adsorption in 
filtration has been recognized for a long time. Most of the bacterial 
filters carry a negative charge and thus adsorb positively charged sub¬ 
stances more strongly than negatively charged bodies. The kieselguhr, 
porcelain, and asbestos filters are composed of soluble metal cations 
and insoluble negatively charged silicate anions. Thus, when ma¬ 
terials are passed through such filters, there is a tendency for the posi¬ 
tively charged substances to combine with the anions of the filter to 
form an insoluble complex, whereas the negatively charged bodies 
combine with the soluble cations of the filter and pass on through into 
the filtrate. This phenomenon can be demonstrated very easily by 
filtering a basic dye solution, such as methylene blue or safranine. 
These dyes consist of organic colored cations united to inorganic 
anions. When filtered, the colored cation will be at first adsorbed on 
the filter and a clear filtrate will result; however, as soon as the adsorb¬ 
ing surface of the filter has reached a saturation point, the dye will 
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pass through without hindrance. Proteins in solution exhibit the 
same type of reaction and show the greatest adsorption at their Iso¬ 
electric point. The amount of adsorbed protein decreases steadily with 
increasing alkalinity, whereas with increasing acidity adsorption de¬ 
creases slowly to a minimum, after which it again increases in strong 
acid solutions. This fact may account for the greater ease with which 
enzymes, toxins, and viruses are filtered when they are in solutions 
on the alkaline side of the isoelectric point than in acid solutions 
[Mudd (1928)]. 

2. Nature op the Substrate. The nature of the medium plays 
an important part in the determination of filtration results. Changes 
in the salt concentration of the substrate may influence the degree of 
ionization and the surface charge of colloids; the surface charge may 
in turn change the stability of the whole colloidal system. The hydro¬ 
gen-ion concentration of the suspending fluid is of considerable im¬ 
portance, especially when dealing with amphoteric substances, such 
as bacterial proteins. As we have already mentioned, the adsorption 
will be at a maximum near the isoelectric point. Certain surface- 
active substances, such as sodium oleate, or protective colloids possess 
the property of accumulating at interfaces and lowering the surface or 
interfacial tension. Thus the presence of such compounds or bodies 
in the substrate may alter the surface equilibria of the entire system. 
For example, it has been reported that ultrafilters which are normally 
impermeable to certain proteins, such as hemoglobin, can be rendered 
permeable cither by first filtering certain surface-active substances 
like digitonin, peptone, and sodium oleatu through the membranes or 
by adding them direetl}^ to the protein solution. Likewise, viruses pass 
through filter candles much more readily when suspended in broth 
than in saline or Ringer solutions. These capillar>"-active substances 
seem to facilitate filtration by the fact that the surface-active molecules 
are adsorbed preferentially both on the particles in the suspension being 
filtered and the wall of the filter pores; thus they exhibit a sort of lubri¬ 
cating action by minimizing the blocking of the pores and adsorption. 
In other words, they act as an escort for the particles passing through 
the filter. The more dilute the filtering solution, the greater the volume 
which must be passed thi'ough the filter before the surface adsorption 
is satisfied and the disperse phase begins to appear in the filtrate. 

3. Filtration Pressure and Temperature. When the pores of a 
filter are large compared with any particles of the disperse phase, the 
rate at which a liquid filters through is proportional to the applied 
pressure. This proportionality does not hold, however, when the open¬ 
ings are smaller than the particles contained in the fluid or when the 
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pores are reduced in size as a result of adsorption or mechanical block¬ 
ing. Under such circumstances, especially when blocking is the cause, 
there exists a specific optimum pressure, beyond which the dispersed 
particles are only packed more tightly into the orifices. Sometimes 
mechanical blocking can be overcome by stirring or by applying a 
pulsating pressure. The influence of temperature on filtration mani¬ 
fests itself principally in viscosity changes of the system. Cold liquids 
should always be warmed to about 25°C. before they are filtered, if 
the best results are to be obtained. 

AGITATION 

There are few reports in which the effects of agitation upon bacteria 
have been studied systematically. It is generally assumed that gentle 
agitation or aeration is favorable to the growth of the organisms in 
liquid media, since it aids in breaking up clumps of cells. Vigorous 
shaking, on the other hand, seems to be detrimental to some of the 
bacterial processes. Any destructive action which agitation has upon 



Fig. 9. The Killing of Baeillm auhtilis Spores in Water When Shaken for Different 
Periods with Glass Beads (25 ml. of spore suspension, 20 g. of glass beads, 60/80 
grade). (From Curran and Evans, 1942.) 

the cells themselves is apparently due to a denaturation of their cellular 
proteins, to a transformation in the colloidal state of their protoplasm, 
or to complete cellular disintegration. The killing of bacterial spores 
and vegetative cells in fluids by agitation with small inert particles 
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has been studied in some detail by Curran and Evans (1942). When 
spore suspensions were agitated vigorously in a mechanical shaker with 
finely divided abrasives, such as glass beads, Carborundum, Pyrex 
chips, and boron carbide, they were found to die at a rate which corre¬ 
sponds to the unimolecular law for chemical reactions (Fig. 9). Vege¬ 
tative cells {Escherichia coli) were more rapidly killed by shaking pro¬ 
cedures than were spores. 


REFERENCES 

Acs, L. 1933. Centr. BakL, I Abi. Orig., 127:342-350. 

Antonoff, G. 1943. J. Phys. Chem.^ 47:463-464. 

Arloing, S. 1887. CompL rend., 104:701-703. 

Arrlienius, S. 1915. Quantitative Laws in Biological Chemistry. G. Bell and 
Sons, Ltd., London. 

Ayers, S. H., and W. T. Johnson, Jr. 1913. J. Wcuih. Acad. Sci., 3:160-164. 
Baker, S. L. 1935. Brit. J. Expil. Path., 16:148-155. 

Ball, C. 0. 1943. Ind. Eng. Chern., 36:71-84. 

Barnard, J. E., and H. de R. Morgan. 1903. Proc. Roy. Soc. London^ B, 72:126- 
128. 

Baron, M. A. 1928. Centr. Bakt.^ II Abt., 73:373-379. 

Baroni, V., and C. Jonesco-Mihaiesti. 1910. CompL rend. soc. biol., 68:393- 
395. 

Basset, J., M. Macheboeuf, and E. Wollman. 1937. Ann. inst. Pasteur, 68:58-77. 
Bateman, J. B. 1935. Biol. Rev. Cambridge Phil Soc., 10:42-71. 

Bayliss, W. M. 1924. Principles of General Physiology, 4th Ed. Longmans, 
Green and Co., New York. 

Bayne-Jones, S., and J. S. Van der Lingen. 1923. BuU. Johns Hopkins Hosp., 
34:11-16. 

Beckwith, T. D., A. R. Olson, and E. J. Rose. 1929-1930. Proc. Soc. Exptl. 
Biol. Med., 27:285-286. 

Beckwith, T. D., and C. E. Weaver. 1936. /. Bact., 32:361-373. 

Berry, J. A., and C. A. Magoon. 1934, Phytopathology, 24:780-796. 

Bigelow, W. D., and J. R. Esty. 1920. J. Infectious Diseases, 27:602-617. 
Blank, I. H., and H. Kersten. 1935. J. Bact., 30:21-32. 

Blau, O. 1906. Centr. Bakt., II Abt., 16:97-143. 

Blum, H. F. 1932. Physiol. Rev., 12:23-55. 

Blundell, G. P., L. A. Erf, H. W. Jones, and R. T. Hoban. 1944. J. Bad., 
47:85-96. 

Boak, R. A., C. M. Carpenter, and S. L. Warren. 1932. J. Exptl. Med., 66:741- 
750. 

Brann, G. 1925. Z. Immunitdts., 44:27-32. 

Brooks, S. C. 1920. J. Med. Research, 41:411-424. 

Brooks, S. C. 1936. Biological Effects of Radiation, ed. by B. M. Duggar. Vol. 

I; Paper X, pp. 341-388. McGraw-Hill Book Co., New York. 

Browning, C. H., and S. Russ. 1917. Proc. Roy. Soc. London, B, 90:33-38. 
Bruynoghe, R., and M. LeF6vre de Arric. 1925. CompL rend. soc. biol., 93:852- 
864. 

Bruynoghe, R., and W. Mund. 1926. CompL rend. soc. biol., 92:211-213. 



218 EFFECTS OF PHYSICAL AGENTS ON BACTERIA 

Buchanan, R. E., and E. I. Fulmer. 1930. Physiology and Biochemistry oj 
Bacteria^ Vol. IL Williams & Wilkins Co., Baltimore. 

Buchbinder, L., M. Solowey, and E. B. Phelps. 1941. J. Bacl.y 42:353-366. 
Buchholz, J., and A. von Jcney. 1935. Centr, Bakt., I Abt. Grig., 133:299-304. 
Buchwald, C. E., and R. M. Whelden. 1939. Am. J. Botany^ 26:778-784. 
Burge, W. E., and A. J. Neill. 1915. Am. J. Physiol.^ 38:399-403. 

Burke, V., and A. J. Wiley. 1937. J. BacL, 34:475-481. 

Burnet, F. M. 1925. Australian J. Exptl. Biol. Med. Sci., 2:65-76. 

Cameron, A. T. 1930. Trans. Roy. Soc. Canada^ 3rd Series, Sec. V., 24:53-93. 
Cameron, E. J., and C. C. Williams. 1928. Ccntr. Bakt., II Abt., 76:28-37. 
Carlyle, R. E., and A. G. Norman. 1941. J. Bad., 41:699-724. 

Carpenter, C. M,, R. A. Boak, L. A. Mucci, and S. L. Warren. 1933. J. Lab. 
Clin. Med., 18:981-990. 

Casman, E. P., and L. F. Rettger. 1933. J. Bad., 26:77-123. 

Cattell, M, 1936. Biol. Rev. Cambridge Phil. Soc., 11:441-476. 

Cernovodeanu, P., and V. Henri. 1909. Compt. rend., 149:365-368. 

Certes, A. 1884. Compt. rend., 99:385-388. 

Chambers, H., and S. Russ. 1911. Proc. Roy. Soc. London, B, 84:124-136. 
Chambers, H., and S. Russ. 1912. Proc. Roy. Soc. Med., Path. Sec., 6:198-212. 
Chambers, L. A., and N. Gaines. 1932. J. Cellular Comp. Physiol., 1:451-473. 
Chick, H., and C. J. Martin. 1910. J. Physiol., 40:404-430. 

Chick, H. 1930. A System of Bacteriology in Relation in Medicine, Vol. I, Chap¬ 
ter V, pp. 179-202. Medical Research Council, London. 

Chlopin, G. W., and G. Tammann. 1903. Z. Hyg. Infektionskr., 46:171-204. 
Clark, G. L., and C. S. Boruff. 1929. Science, 70:74-75. 

Clifton, C. E. 1931. Proc. Soc. Exptl. Biol. Med., 28:745-746. 

Coblentz, W. W., and H. R. Fulton. 1924. Sci. Papm Bur. Standards 495, 
19:641-680. 

Coolidge, W. D. 1925. Science, 62:441-442. 

Courmont, J., and T, Nogier. 1909. Compt. rend., 148:655; 149:364-365. 
Crozier, W. J. 1924. J. Gen. Physiol., 7:123-136, 189-216. 

Curran, H. R. 1931. J. Bad., 21:197-209, 211-218. 

Curran, H. R., and F. R. Evans. 1938. J. Bad., 36:455-465. 

Curran, H. R., and F. R. Evans. 1942. J. Bad., 43:125-139. 

Dale, W. M. 1940. Biochem. J., 34:1367-1373. 

Danysz, J. 1906. Ann. inst. Pasteur, 20:206-208. 

Darrow, K. K. 1936. Biological Effects of Radiation, cd. by B. M. Duggar. 

Vol. I, Paper I, pp. 13-14. McGraw-Hill Book Co., New York. 

Deming, W, E., and F. G. Cottrell. 1932. Rev. Sci. Instruments, 3:296-297. 
Dietz, T. J. 1935. Radiology, 24:31-38. 

Dixon, H. H., and J. T. Wigham. 1903. Nature, 69:81. 

Doerr, R., and J. Moldovan. 1911. Wein. Klin. Wochschr., 24:555-559. . 
Dom, E., E. Baumann, and S. Valentiner. 1905. Z. Ilyg. Infektionskr., 61:328- 
334. 

Dom, F. L., and 0. Rahn. 1939. Arch. MikrobioL, 10:6-12. 

Downes, A., and T. P. Blunt. 1877-1878. Proc. Roy. Soc. Londm, B, 26:488- 
800; 28:199-212. 

Dozois, K. P., R. P. Tittsler, M. W. Li&se, and W. P. Davey. 1932. J. Bad., 
24:123-132. 



REFERENCES 219 

Dozois, K. P., G. E. Ward, and F. W. Hachtel. 1936. Am, J. Roentgenol, Ror 
dium Tk^apyt 36:392-397. 

Dreyer, G., and M. L. Camplxill-Rcnton. 1936. Proc. Roy, Soc, London, B,, 
120:447-472. 

Duclaux, E. 1887. Ann. inst. Pasteur, 1:88-92. 

Duggar, B. M. 1936. Biological Effects of Radiation, Vols. I, II. McGraw-Hill 
Book Co., New York. 

Duggar, B. M., and A. Hollaendcr. 1934. J. BacL, 27:219-239, 241-256. 
Eberson, F. 1920. J. Immunol., 6:345-362. 

Edwards, O. F., and L. F. Rettgcr. 1937. J. Bad., 34:489-515. 

Ehrismann, 0, 1930. Z. Ilyg. Infektionskr., 111:618-643. 

Ehrismann, O., and W. Noethling. 1932. Z. Hyg. hifektionskr., 113:597-628. 
Eidinow, A. 1926. Brit. J. Radiol., 31:35-40. 

Eidinow, A. 1927. Brit. Med. J., 1927(2): 160-161. 

Elford, W. J. 1931. J. Path. Bad., 34:505-521. 

Elford, W. J. 1933. Proc. Roy. Soc. London, B, 112:384-406. 

Elford, W. J. 1938. Hatidbuch Vimsforsch., 1:126-231. 

Esty, J. R., and K. F. Meyer. 1922. J. Infectious Diseases, 31:650-663. 

Fabian, F. W., and H. T. Graham. 1933. J. Infectious Diseases, 63:76-88. 
Fabre, G., and E. Ostrovsky. 1911-1912. Compt. rend, assoc. Frang avancement 
sci., 40:122-123; 1004-1006 (cited by S. C. Brooks, 1936). 

Faguct, M. 1938. Compt. rend. soc. Inol., 128:969-071. 

Ferguson, A. J., and 0. Ilahn. 1933. Arch. MikrobioL, 4:574-582. 

Fermi, C., and F. Celli. 1892. Centr. Bakt., 12:617-619. 

Fermi, C., and L. Pernossi. 1894. Z. Ilyg. Infektionskr., 16:385-444. 

Ferry, J. D. 1936. Chem. Rev., 18:373-455. 

Fiorini, M., and A. Zironi. 1914. Arch, eledr. mcd., 24:113-116. 

Fiorini, M., and A. Zironi. 1915. Strahlentherapie, 6:457-465. 

Flosdorf, E. W., and S. Mudd, 1935, 1938. J. Immunol., 29:389-425; 34:469-490. 
Flosdorf, E. W., A. C, Kimball, and L. A. Chambers. 1939. Proc. Soc. Exptl. 

Bzo/.Jl/ed., 41:122-126. 

Flourens. 1846. Compt. rend., 23:934. 

Forfota, E., and A. Hdmori. 1937. Centr. Bakt., I Abt. Orig., 139:163-167. 
Frenkel, Y. I., and A. G. Gurvich. 1943. Trans. Faraday Sok.., 39:201-204. 
Friedberger, E. 1914. Berlin Kim. Wochschr., 61:1402-1405. 

Friedcwald, W. F., and R. S. Anderson. 1940. Proc. Soc. Exptl. Biol. Med., 
46:713-715. 

Friedman, C. A., and B. S. Homy. 1938. J. Bad., 36:99-105. 

Galloway, I. A. 1934. Brit. J. Exptl. Path., 16:97-105. 

Gates, F. L. 1929, 1930. J. Gen. Physiol, 13:231-248, 249-260; 14:31-42. 
Gerhjirtz, H. 1909. Berlin klin. Wochschr,, 4i^:lSOO-lS02. 

Gieae, A. C. 1941. J. Cellular Comp. Physiol, 17:203-220. 

Haberman, S., and L. D. Ellsworth. 1940. J. Bad., 40:483-503. 

Hampil, B. 1932. Quart. Rev. Biol, 7:172-196. 

Hansen, P. A. 1932. N. Y. Agr. Exp. Sta. Tech. Bull. 196, Geneva, N. Y. 
Hartoch, O., W. SchUrmann, and 0. Stincr. 1914. Z. Immunitdts., 21:643-653. 
Harvey, E. N. 1940. Living Light. Princeton University Press, Princeton, N. J 
Harvey, E. N. 1941. Ann. Rev. Biochem., 10:531-552. 

Hasch6, E., and P. Loch. 1937. Z. Hyg. Infektionskr., 120:209-218. 

Hasskd, A. 1930. Biochem, Z., 226:462-481. 



220 


EFFECTS OF PHYSICAL AGENTS ON BACTERIA 


Hausmanii) W., W. Neumann, and K. Schuberth. 1926. Z. Tuberk,^ 46:32-36. 
Heiberg, B. 1932. Z, Hyg, Infektionskr., 114:425-428. 

Heller, G. 1941. J. Bad,, 41:109-126. 

Henshaw, P. S. 1940. J, NaU, Cancer Inst., 1:277-290. 

Her61k, F. 1937. J, Gen. Physiol, 20:589-594. 

Hertel, E. 1905. Z, aUgem. Physiol, 6:95-122. 

Hess, E. 1934. Contrib. Can. Biol Fisheries, Ser. C., 8:461-474, 491-505. 

Heuer, G. 1922. Centr. Bakl, I Abt. Orig., 88:380-387. 

Hicks, R. A., and W. T. Szymanowski. 1932. J. Infectiom Diseases, 60:466-472. 
Hite, B. H., N. J. Giddings, and C. E. Weakley, Jr. 1914. West Va. Agr. Exp. 
Sta. Bull 146. 

Hodes, H. L., L. T. Webster, and G. I. Lavin. 1940. J. Exptl Med., 72:437-444. 
Hollaender, A. 1936. Biological Effects of Radiation, ed. by B. M. Duggar. 

Vol. II, Paper XXVIII, pp. 910-959. McGraw-Hill Book Co., New York. 
Hollaender, A., and W. D. Claus. 1936. J. Gen. Physiol, 19:753-765. 
Hollaender, A., and W. D. Claus. 1937. BuU. Natl Research Council 100. pp. 96. 
Hollaender, A. 1939. Radiology, 82:404-410. 

Hollaender, A., and C. W. Emmons. 1939. J. Cellular Comp. Physiol, 18:391- 
402. 

HoUaender, A. 1943. J. Bad., 46:531-541. 

Hopwood, F. L., M. H. Salaman, and A. S. McFarlane. 1939. Nature, 144:377. 
Horowitz-Wlassowa, L. M., and L. D. Grinberg. 1933. Cerdr. Bakl, II Abl, 
89:54-62. 

Jahnel, F. 1938. Z. ImmuniUits., 94:328-341. 

Jennison, M. W. 1937. 7. 88:15-16. 

Jodlbauer, A., and H. von Tappeiner. 1904. MUnch. med. Wochschr., 61:1096- 
1097. 

Jodlbauer, A., and H. von Tappeiner. 1905. Deut. Arch. klin. Med., 82:520-546. 
Kasahara, M., Sha-Shi-Nan, and T, Kakusui. 1939. Monatsschr. Kinderfml, 
78:347-348. 

Kimball, G. C. 1938. J. Bad., 86:109-122. 

Klovekom, H. 1925. StrafUerUherapie, 20:354-377. 

iOovekom, G. H., and O. Gaertner. 1928. StraMentherapie, 29:773-778. 

Konrich. 1925. Centr. Bakl, I Abt. Orig., 96:237-244. 

Kopeloff, N., and P. Beerman. 1927. J. Bad., 18:7. 

Kreitlow, K. W. 1941. 7. Boc^., 42:127-132. 

Krueger, A. P., B. B. Brown, and E. J. Scribner. 1941. 7. Gen. Physiol, 24:691- 
698. 

Lacassagne, A., and A. Paulin. 1925. Compt. rend. soc. hiol, 92:61-62. 

Landen, E. W., and F. M. Uber. 1939. Proc. Soc. ExpU. Biol Med., 42:559-5^3. 
Lang, O. W., and S. J. Dean. 1934. 7. Infectious Diseases, 66:39-59. 
Laroquette, M. de. 1918. Ann. insl Pasteur, 32:119-192. 

Larson, W. P., T. B. Hartzell, and H. S. Diehl. 1918. 7. Infedious Diseases, 
22:271-279. 

Larson, W. P., W. F. Cantwell, and T. B. Hartzell. 1919. 7. Infectious Diseases, 
26:41-46. 

Larson, W. P. 1921. Abstracts Bad., 6:2-3. 

Lasseur, P., P. Vernier, A. Dupaix, and L. Georges. 1932. Arch. Mikrobiol, 
3:561-679. 

Lauffer, M. A., and R. B. Dow. 1941. 7. Biol Chem., 140:506-518. 



REFERENCES 221 

Lea, D. E., R. B. Haines, and C. A. Coulson. 1936, 1937. Proc. Roy. Soc. London^ 
B, 120:47-76; 128:1-21. 

Lea, D. E., R. B. Haines, and E. Bretscher. 1941. J. Hyg., 41:1-16. 

LeGalley, D. R, and G. W. Patterson. 1940. Am. J. Pharm., 112:373-377. 
Lenzi, M. 1940. Radiology^ 86:307-314. 

Leusden, F. P. 1929. Centr. Bakt., I Ahl. Grig., 111:321-325. 

Lewith, S. 1890. Arch. exp. Path. Pharmakol., 26:341-354. 

Li, K-H. 1936. Proc. Soc. Exptl. Biol Med., 84:659-661. 

Lorenz, K. P., and P. S. Honshaw. 1941. Radiology, 86:471-481. 

Lusztig, A. 1929. Cerdr. Baki., I Aht. Orig., 111:244-266. 

MacFadyen, A. 1900. Proc. Boy. Boc. London, B, 66:180-182, 339-340. 
MacFadyen, A., and S. Rowland. 1900. Proc. Roy. Soc. London, B, 66:488-489. 
Magoon, C. A. 1926. J. Bacl, 11:253-283. 

Magrou, J., and M. Magrou. 1927. Compt. rend., 184:905-906. 

Matthews, J. E., Jr., R. B. Dow, and A. K. Anderson. 1940. J. Biol. Chem., 
186:697-705. 

McFarlane, V. H. 1941. Food Research, 6:481-492. 

Merlini, A. 1929. Giom. bolt, immunol., 4:522-535. 

Metzner, P. 1924. Biochem. Z., 148:498-523. 

Miley, G. 1942. Arch. Phys. Therapy, 28:536-551. 

Miller, C. P., and D. Schad. 1944. J. BacL, 47:71-77, 79-84. 

Minck, F. 1896. Munch, med. Wochschr., 43:101-102. 

Mohler, F. L., and L. S. Taylor. 1935. Am. J. Roentgenol. Radium Therapy, 
84:89-91. 

Morton, H. E. 1938. Am. J. Clin. Path., Tech. Suppl, 2:185-205. 

Morton, H. E., and E. J. Pulaski. 1938. J. Bad., 86:163-183. 

Morton, H. E. 1943. J. Bad., 46:312. 

Mudd, S. 1928. Filterable Viruses, ed. by T. M. Rivers. Chapter II, pp. 55-94. 
Williams & Wilkins Co., Baltimore. 

Murray, T. J., and M. R, Headloe. 1931. J. Injedious Diseases, 48:436-456. 
Muttermilch, S., and R. Forroux. 1925. Compt. rend. soc. hioL, 98:1226-1227. 
Nelson, C., and S. C. Brooks. 1933. Proc. Soc. Exptl. Biol. Med., 80:1007-1009. 
Newcomer, H. S. 1917. J. Exptl Med., 26:841-848. 

Norman, A. G., L. A. Richards, and R. E. Carlyle. 1941. J. Bad., 41:689-697. 
North, C. E., and W. II. Park. 1927. Am. J. Hyg., 7:147-173. 

Oag, R. K. 1940. J. Path. Bad., bV.m-Ul. 

Paic, M., V. Deutsch, and I. Borcila. 1935. Compt. rend. soc. hiol, 119:1063- 
1065. 

Paic, M., P. Haber, J. Voet, and A. Eliasz. 1935. Compt. rend. soc. bid., 
119:1061-1063. 

Perdrau, J. R., and C. Todd. 1933. Proc. Roy. Soc. London, B, 112:277-287, 
288-298. 

Pfeiffer, R., and E. Friedberger. 1903. Berlin klin. Wochschr., 40:640-641. 
Folding, J. B. 1943. J. Path. Bad., 66:502-503. 

Prescott, S. C. 1904. Science, 20:246-248. 

Prickett, P. S. 1928. N. Y. Agr. Exp. Sta. Tech. Bull. 147, Geneva, N. Y. 
Prochownick, L., and F. Spaeth. 1890. Deut. med. Wochschr., 16:564-666. 
Prudhomme, R.-0. 1938. Ann, Fermentations, 4:103-110. 

Pugsley, A. T., T. H. Oddie, and C. E. Eddy. 1936. Proc. Roy. Soc. London, 
B, 118:276-298. 



222 EFFECTS OF PHYSICAL AGENTS ON BACTERIA 

Rahn, 0., and W. R. Schroeder. 1941. Biodynarnicay 3:199-208. 

Remlingcr, P., and J. Bailly. 1938. Compt, rend. soc. biol.y 129:460-462. 
Rentschler, H. C., R. Nagy, and G. Mouromscff. 1941. J. Bad., 41:745-774. 
Repetto, O. M. 1940. Rev. soc. argentinia Biol., 16:667-570. 

Rieder, H. 1898, 1902. Miinch. med. Wochschr., 46:101-104, 773-774; 49:402- 
406. 

Rivers, T. M., J. E. Sinadel, and L. A. Chambers. 1937. J. Exptl. Med., 66:677- 
685. 

Robertson, A. H. 1927. N. Y. Agr. Exp. Sta. Tech. Bulls. 130 and 131, Geneva, 
N. Y.; Vermont Agr. Exp. Sta. Bulls. 274 and 275. 

Ross, V. 1938. J. Immunol., 86:351-369, 371-377. 

Roux, E. 1887. Ann. inst. Pasteur, 1:445-452. 

Roux, E., and A. Yersin. 1889. Ann. inst. Pasteur, 3:273-288. 

Rouyer, M., and M. Servigne. 1938. Ann. inst. Pasteur, 61:565-578. 
Rubcntschik, L. 1925. Centr. Baki., II Abt., 64:166-174. 

Sattler, W. 1929. Milchw. Forsch., 7:100-170. 

Schenck zu Schweinsberg, H-G. F. 1938. Strahlentherapie, 63:212-224. 

Scherp, H. W., and T. P. Hughes. 1939. J. hnmunol., 36:29-36. 

Schoepfie, G. M. 1941. J. Cellular Comp. Physiol., 17:109-116. 

Schroeter. 1912. Z. Ilyg. Infektionskr., 72:189-212. 

Schroetter, H. von. 1927. Centr. Bakt., I Abt. Orig., 104:205-210. 

Schubert, J. 1928. Z. Immunitdts., bB:10^\22. 

Schubert, J. 1931. Centr. Bakt., I Abt. Grig., 122:82-86. 

Scott, W. M. 1911. Proc. Cambridge Phil. Soc., 16:124-125. 

Sewertzova, S. B. 1931. Ann. inst. Pasteur, 46:337-371. 

Sharp, D. G. 1939. J. Bad., 37:447-460. 

Smith, F. R., and R. L. Perry. 1941, Food Research, 6:345-360. 

Smith, G, H. 1941. Yale J. Biol. Med., 1Z:^^^-A22. 

Smithburn, K. C., and G. I. Lavin. 1939. Am. Rev. Tuberc., 39:782-793. 
Sollner, K. 1944. C/iem,/?cv., 34:371-391. 

Spencer, R. R. 1934, 1935. Pub. Health Repts., 49:183-192; 60:1642-1655. 
Spiegel-Adolf, M. 1939. Med. Rec., 160:430-433. 

Stanley, W. M. 1938. Handbuch Virusforsch., 1:447-546. 

Stanley, W. M. 1944. J. Exptl. Med., 79:267-283. 

Stier, T. J. B. 1933. J. Gen. Physiol., 16:815-840. 

Strassmann, K. 1904. Arch. Dermatal. Syphilis, 71:419-446. 

Strebel, H. 1900. Fortschr. Gebide Rontgenstrahlen, 4:125-132. 

Strebel, H. 1901. Deut. med. Wochschr., 27:69-72. 

Stuart, L. S., R, W. Frey, and L. H. James. 1933. U. S. Dept. Agr. Tech. Bull. 
383. 

Swift, H.F. 1937. /. Rad., 33:411-421. 

Syverton, J. T., R. A. Harvey, G. P. Berry, and S. L. Warren. 1941. J. Exptl. 
Med., 73:243-248; 74:223-234. 

Szymanowski, W. T., and R. A. Hicks. 1932. J. Infectious Diseases, 60:1-25. 
Takahashi, W. N., and R. J. Christensen. 1934. Science, 79:415-416. 

Tanner, F. W., and J. W. Appling. 1941. Proc. Soc. Exptl. Biol. Med., 47:47-51. 
Tappeiner, H. von. 1900. Miinch. med. Wochschr., 47:5-7. 

Tappeiner, H. von, and A. Jodlbauer. 1904. Munch, med. Wochschr., 61:737-739. 
Tappeiner, H. von. 1909. Ergeb. Physiol., 8:698-741. 



REFERENCES 223 

Taylor, A. R., D. G. Sharp, D. Beard, H. Finkelstein, and J. W. Beard. 1941. 
J. Injeciious Diseases, 69:224r-231. 

Thiele, H., and K. Wolf. 1906, 1907. Arch, Hyg,, 67:29-65; 60:29-39. 

Thresh, J. C., and J. F. Beale. 1910. Lancet, 1910(2): 1849-1851. 

Tizzoni, G., and G. Cattani. 1891. Arch. expU. Path. PharmakoL, 28:41-60. 
Townsend, C. T., J. R. Esty, and F. C. Baselt. 1938. Food Research, 8:323-346. 
Tracy, R. L., Jr. 1932. J. Bad., 24:423-438. 

T^ung, T. 1935, 1936. Proc. Soc. Exptl. Biol. Med., 33:328-330; 36:399-400. 
T'ung, T. 1940. Chinese Med. J., Suppl., 3:304r-320. 

Turner, T. B. 1938. J. ExpU. Med., 67:61-78. 

Underwood, W. B. 1941. A Textbook of Sterilization. American Sterilizer Co., 
Erie, Pcnna. 

Van Beuren, F., Jr., and H. Zinsser. 1903. Am. Med., 6:1021-1022. 

Wallace, G. I., and F. W. Tanner. 1933-1935. Fruit Products J., 18:62-54, 
109-113; 14:235-237. 

Ward, H. M. 1892, 1894. Proc. Roy. Soc. London, B, 62:393-400; 66:313-394; 

Phil. Trans. Roy. Soc. London, B, 186:961-986. 

Wedberg, S. E., and L. F. Rettger. 1941. J. Bad., 41:725-743. 

Welch. H. 1930. J Prev. Med., 4:295-330. 

Wells, W. F. 1940. Science, 91:172-174. 

Whelden, R. M., E. V. Enzmann, and C. P. Haskins. 1941. J. Gen. Physiol., 
24:789-796. 

Whisler, B. A. 1940. loxva State Coll. J. Sci,, 14:216-231. 

Williams, C. C., C. M. Merrill, and E. J. Cameron. 1937. Food Research, 2:369- 
375. 

Williams, F. T. 1936. J. Bad., 32:589-597. 

Williams, 0. B. 1929. J. Infectious Diseases, 44:421-465. 

Winchester, G., and T. J. Murray. 1936. Proc. Soc. Exptl. Biol. Med., 36* 165- 
166. 

Wittlin, J. 1896. Centr. Baht., II Abt., 2:676-677. 

Wolff, L. K., and G. Rjus. 1933. Centr. Bakt., I Abt. Ong., 128:314-319. 

Wood, R. W., and A. L. Loomis. 1927. Phil. Mag. (Ser. 7), 4:417-436. 

Wyatt, H. T. 1936. Sterilization. Scanlan-Morris Co., Madison, Wisconsin. 
Wyckoff, R. W. G. 1930. J. Exptl. Med., 62:435-446, 769-780. 

Wyckoff, R. W. G., and T. M. Rivers. 1930. J. Exptl. Med., 61:921-932. 
Wyckoff, R. W. G., and B. J. Luyet. 1931. Radiology, 17:1171-1175. 

Wyckoff, R. W. G. 1932. /. Gen. Physiol., 16:351-361. 

Yen, A. C. H., and S. C. Liu. 1934. Proc. Soc. Exptl. Biol. Med., 31:1250-1252. 
Zia, S. H., B. F. Chow, and T. T'ung. 1938. Proc. Soc. ExpU. Biol. Med., 38:688- 
690. 

ZoBell, C. E. 1934. Quart. Rev. Biol., 9:460-466, 



4 


THE EFFECTS OF CHEMICAL AGENTS ON 
BACTERIA 

It is a well-known fact that the various vital phenomena of living 
cells such as bacteria are conditioned by their physical and chemical 
environment. It is not always easy, however, in biological studies to 
separate the physical factors affecting the life activities of an organism 
from the chemical, or vice versa, although for convenience such a 
division is usually made. Thus in Chapter 3 we discussed the effects 
of some physical agents on bacteria, and in this chapter we shall take up 
the more important chemical agents. 

The response of microorganisms to the presence of chemical com¬ 
pounds in their environment is sometimes called chemotaxin or chemo- 
tropism. If an organism is attracted or stimulated in its activities, the 
phenomenon is termed positive chemotaxis or chemotropism; if the organ¬ 
ism is repelled or depres.scd in its functions, negative chemotaxis or chemo- 
tropisni. The ability of chemicals to attract, to serve as nutritional 
substances, and to stimulate the growth of bacteria will not be discussed 
here, since they can better be allocated to Chapter 7, Bacterial Nutri¬ 
tion. Thus the material which we shall consider here will be concerned 
primarily with the nonnutritional or injurious effects of chemicals on 
bacteria. Chemicals may partially or completely inhibit the growth of 
bacteria, or they may be so powerful that all the organisms arc killed. 
Apparently there is no true relation between chemotaxis and the power 
of a chemical substance to kill bacteria. 

Many terms have been introduced into the literature to explain the 
injurious effects of chemicals upon microorganisms. The following, 
as defined by Patterson (1932), are now widely used: 

Germicide: Anything that destroys germs (microorganisms); applied especi¬ 
ally to agents that kill disease germs. 

Bactericide: Anything that destroys bacteria. 

Antiseptic: A substance that opposes sepsis, putrefaction, or decay; one that 
prevents or arrests the growth or action of microorganisms, cither by inhibit¬ 
ing their activity or by destroying them; used especially of agents applied to 
living tissue. Practically synonymous with bacterioslatic and preservative. 
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Disinfectant: An agent that frees from infection; usually a chemical agent 
which destroys disease germs or other harmful microorganisms (but not, ordi¬ 
narily, bacterial spores); commonly used of substances applied to inanimate 
objects. 

Sterilization: The act or process of sterilizing, or freeing from all living micro¬ 
organisms. 

Deodorant: Anything that destroys or masks offensive odors. It may or 
may not be an antiseptic or disinfectant. , 

Prophylactic: Anything that prevents, or that contributes to the prevention 
of disease; a preventive. 

Viridde: Anything that destroys or inactivates viruses. 

The ideal disinfectant or viricide has not been discovered, but to 
qualify as such a substance should possess some of the following char¬ 
acteristics: (1) highly germicidal, (2) stable, (3) homogeneous, (4) readily 
soluble, (5) nonpoisonous to higher animals and man, (6) noncorrosive, 
(7) able to penetrate, and (8) moderate in cost. 

THE METHODS OF TESTING DISINFECTANTS 

Many methods have been proposed for measuring the disinfecting 
powers of chemical compounds. Most of them are beset with many 
difficulties. The fundamental researches upon chemical disinfection 
were carried out by Robert Koch in the latter part of the last century. 
Some seventy-five disinfectants were in use at that time, many of which 
had never been tested for their germicidal power. Several were 
probably nothing more than deodorants. Koch attacked the problem 
with his usual meticulous care, realizing that chemicals may serve as a 
useful weapon against disease. His first contribution in this field was 
the development of a technique for testing such substances. It con¬ 
sisted of impregnating silk threads wdth cultures of bacteria and then 
exposing them to the disinfectant under examination. After suitable 
contact the threads weie transferred to nutrient media, where the 
presence or absence of growth could be observed. Later Kronig and 
Paul (1897) discarded the thread method and replaced it with one of 
their own. Garnets were dipped in bacterial cultures, allow^ed to dry, 
and then inunersed in the test disinfectant. After various intervals the 
garnets were removed and washed, and agar plates prepared from the 
washings. The number of colonies which developed was then counted. 
This procedure rendered the test more quantitative than that proposed 
by Koch. Most of the methods which have since been devised follow 
in principle, at least, this method of Kronig and Paul, although they 
may vary widely in technical details. Further standardization came 
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in 1903, when Rideal and Walker proposed several standard technical 
steps and chose phenol as a standard reference for the comparison of all 
disinfectants. By this means it was possible to determine the concen¬ 
tration of the unknown disinfectant and the concentration of phenol 
which would kill in a given time and to establish a numerical ratio of 
germicidal efficiency. This ratio became known as the phenol coeffi¬ 
cient Other distinct advances were made by Chick and Martin (1908), 
who listed the essential conditions which must be considered in evaluat¬ 
ing disinfectants, and by Anderson and McClintic (1911), whose test 
became known as the Hygienic Laboratory Method. 

The so-called Food and Drug Administration Method (F.D.A. 
Method), as published by Ruehle and Brewer (1931), is now widely 
used in the United States. It has combined -all the advantages of the 
older tests but still has several inherent disadvantages. This method 
requires tests of disinfectant or antiseptic action to be carried out 
against strains of Eherthella typhosa and Staphylococcus aureus of known 
susceptibility to phenol. Stipulations are also made for tests in the 
presence of organic matter and for a *^cup-plate^^ method applicable to 
ointments and salves, toothpastes, and other similar products composed 
of chemicals incorporating inert materials. The differences between the 
F.D.A., Rideal-Walker, and Hygienic Laboratory Methods are shown 
in Table 1. The Rideal-Walker Method is used primarily in England; 
and, although the Hygienic Laboratory Method was developed in this 
country, it is never used today. However, with few exceptions, such 
as with certain pine oil preparations [Brewer and Ruehle (1934)], the 
three methods give almost identical results when compounds chemi¬ 
cally related to phenol are tested. For the technical procedures used 
in these tests the United States Department of Agriculture Circular 198 
(1931), prepared by Ruehle and Brewer, or McCulloch's book. Dis¬ 
infection and Sterilization (1945), should be consulted. 

Many people interested in germicides are of the opinion that a 
revision of the customary testing methods is urgently needed, because 
uniform and reproducible results are no longer obtainable in many 
instances where high-potency materials are used. Several factors are 
probably responsible for the fluctuating results obtained. For example, 
Brewer (1943) found that the composition of the peptone used for 
culturing the test organisms may seriously affect the phenol coefficients 
obtained with certain germicides; this disturbing phenomenon is 
attributed to a variation in the phospholipide content of the culture 
media. In recognition of such discrepancies a committee of the Ameri¬ 
can Public Health Association has been assigned the task of working 
out the modifications of the older technique. 
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TABLE 1 

Diffbbencbs in Media and Manipulation of the Three Methods of Deteb- 
MiNiNQ Phenol Coefficient 


[From Ruehle and Brewer (1931)] 


Composition of me¬ 
dium 

F.D.A. Method 
Peptone,* 10 g. 

Liebig’s lieef extract, 5 g. 
Salt, 5 g. 

Water, 1,000 ml. 

Boil 20 mmutes. 

R.-W. Method 
Peptone, 120 g. 

Liebig's beef extract, 10 g. 
Salt, 10 g. 

Water, 1,000 ml. 

Boil 30 imnutes. 

Acidity of medium 

pH 6.8 

+1.6, no definite pH 

Amount of culture 
medium in tube 

10 mL 

5 m]. 

Amount of culture 
added to diluted 
disinfectant 

0.5^.0 mL 

0.5-5.0 mL 

Resistance of test cul¬ 
ture to phenol (dilu¬ 
tion killing in 10 
minutes but not in 

6 minutes) 

1-90 

1-90 to 1-110 

Condition of tubes in 
test 

Plugged with cotton 

Plugged with cotton 

Temperature of test 

20®C. 

IS'-IS^C. 

Time intervals of the 
test 

5, 10, and 15 minutes 

2H. 5,7H, and 10 minutes 

Amount of medication 
mixture transferred 
(sise of loop) 

4 mm.-Ioop (of No. 23 B. 
and S. gage wire) 

4 mm.-loop (of No. 27 Im¬ 
perial gage wire) 

Calculation of phenol 
coefficient 

Highest dilution not kill¬ 
ing m 5 minutes but 
killing in 10 minutes, di¬ 
vided by same for phenol 

Highest dilution not ki" 
iiig in 5 minute.s but 
killing in 7H nunutes, 
divided by same for phe¬ 
nol 


H.L. Method 
Peptone,* 10 g. 

Liebig’s beef extract, 3 g. 
Salt, 5 g. 

Water, 1,000 mL 
Boil 15 minutes. 

Unadjusted, but pH be¬ 
tween 6.0 and 7.0 

10 ml. 


0.1~6.0 mL 


No limits stated 


Open tubes 
20*C. 

5, 7H, 10, 12H. and 15 
minutes 

Spiral loop (four spirals 
wrapped around a No. 
13 B. and S. gage wire. 
Made of No. 23 B. and 
S. gage wire) 

Mathematical mean of 
highest dilutions show¬ 
ing no growth in 5. 10, 
and 15 minutes, dinded 
by same for phenol 


• Armour’s special batch set aside for disinfectant testing, 
t Allen and Hanbury's. 


At this point brief mention should be made of several other tech¬ 
niques which have been developed recently to evaluate germicides, 
antiseptics, and fungicides. These methods present, in most cases, 
techniques for determining the germicidal properties of compounds 
which heretofore could not be tested. However, they should not be 
regarded as standard. 

1. A method whereby the disinfectant is tested for its toxicity to 
living embiyonic tissue, as well as for its ability to kill bacteria, has 
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been developed by Salle and his coworkers (1939). A number known 
as the ‘‘toxicity index” is determined, which is defined as the ratio of 
the highest dilution of the disinfectant preventing growth of embryonic 
tissues in 10 minutes to the highest dilution required to kill the test 
organism in the same period of time. Tests show that compounds pos¬ 
sessing a low toxicity index are quite efficient germicides. 

Witlin (1942) has also used the toxicity index as a means of evaluat¬ 
ing germicides. However, he uses the developing chick embryo, and 
defines the toxicity index (ratio) as the amount (in grams) of the germi¬ 
cidal agent contained in each milliliter of the highest dilution which 
kills Staphylococcus aureus in 10 minutes to the amount of the agent 
required to kill a chick embryo within 24 hours. Theoretically, the 
smaller is the index, the more practical is the germicide. 

A somewhat different technique for determining the toxicity of 
germicides and antiseptics has been proposed by Welch and Brewer 
(1942) and by Hirsch and Novak (1942). This technique is based 
upon a comparison of the ability of an antiseptic to destroy the phago¬ 
cytic activity of blood with its germicidal power. 

2. Another method has been introduced by Bronfenbrenner, Her- 
shey, and Doubly (1939). It consists of measuring manometrically 
the amount of oxygen consumed by mouse liver and by Escherichia coli, 
respectively, both in the absence and the presence of a given disin¬ 
fectant. The method is simple and saves time and materials. It is 
especially useful in making a preliminary survey of new disinfectants, 
Ely (1939) and Greig and Hoogerheide (1941) have also evaluated germ¬ 
icides by a manometric procedure. 

3. A method for testing the germicidal action of chlorine compounds, 
using the spores of Bacillus meiiens, has been used by Levine and his 
associates for a number of years [see Charlton and Levine (1937), 
Rudolph and Levine (1941)]. Spores of Bacillus subtilis may also be 
employed for the assay of penicillin [Foster and Woodruff (1944)]. 

4. The phenol coefficients of relatively insoluble compounds (benzyl- 
phenols) have been determined by Carswell and Doubly (1936), using 
sulfonated oils to disperse uniformly the germicide in water. 

5. The efficiency of germicides for treating surgical instruments has 
been studied by Reddish and Burlingame (1938) and by Spaulding 
(1939). 

6. A procedure for testing nonphenolic disinfectants has been worked 
out by Clark (1938). 

7. Brewer (1939) has devised a method for testing antiseptic dusting 
powders. 
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8. Techniques for evaluating fungicides are described in papers by 
Burlingame and Reddish (1939) and Hoffman, Schweitzer, and Dalby 
(1941). 

9. The antiseptic properties of snuffs, including ordinary tobacco 
snuffs, lycopodium snuff, and several experimental snuffs containing 
proflavine, penicillin, or sulfathiazole, were determined by a special 
technique by Delafield, Straker, and Topley (1941). 

10. Withell (1942) has suggested a procedure for evaluating bac¬ 
tericides based on calculation of the time required to kill 50 per cent 
of the cells in a test culture. 

11. Heinemann (1943) has recommended that, when mercurial com¬ 
pounds are being tested by the customary method, the organisms be 
transferred to a thioglycollate medium, which will neutralize the tox¬ 
icity of any mercury which may be carried over. 

12. Various techniques for the assay of penicillin and other microbial 
antibiotic substances have been developed by several investigators 
[see Waksman (1941), Abraham and his associates (1941), Rammel- 
kamp (1942), Foster and Woodruff (1943, 1944), Schmidt and Moyer 
(1944), Dubos (1944), and Schmitt (1944)]. Space docs not permit a 
discussion of these methods; the original articles should be consulted 
for details. 

THE DYNAMICS OF THE DISINFECTION PROCESS 

Some of the laws which govern the action of a disinfectant upon bac¬ 
teria are quite well understood, whereas others are still obscure or 
poorly defined. There is also considerable controversy as to whether 
the process is essentially chemical in nature or is controlled entirely 
by complex biological laws. Believers in the strictly chemical theory of 
disinfection have showm that the destruction of bacteria by such agen¬ 
cies follows an orderly course quite similar to a monomolecular chemical 
reaction, where only one substance undergoes change and the velocity 
of the reverse reaction is unimportant. Many data in opposition to 
this analogy have been reviewed by Buchanan and Fulmer (1930), 
Knaysi (1930), and others. The opposition group is convinced that 
such agreements as have been found between the rate of disinfection 
and the monomolecular reaction are probably superficial and accidental. 
Furthermore they believe methods of evaluating disinfectants based 
on such a concept may prove misleading. This book is no place to 
discuss such a controversy. All that will be done is to present some of 
the findings as given in the literature. In general, however, it is agreed 
that often there is at least a superficial, if not a real, resemblance be- 
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tween the rate of death of bacteria when exposed to a disinfectant and 
the velocity of some of the simple chemical processes. Whether this 
resemblance is accidental or real is difficult to prove. 

Robert Koch, Kronig and Paul (1897), and other early workers 
concluded from their studies that the destruction of bacteria by certain 
chemicals was an orderly process requiring time for completion. The 
destructive action increased with a higher temperature, and there were 
differences between the concentrations of chemical compounds re¬ 
quired to inhibit the growth of bacteria and those necessary to kill 
them. After their work many advances were made along several 
fronts. The chemist produced a host of new compounds, very few of 
which escaped trial as disinfectants, and considerable progress was 
made in understanding the principles which underlie the disinfection 
process. 

THE COURSE OF THE PROCESS 

Credit for our knowledge concerning the course and rate of reaction 
of the disinfection process is due chiefly to Kronig and Paul (1897), 
Madsen and Nyman (1907), Chick (1908, 1910, 1912), Paul and his 




Fig. 1. Time-Survivor Curves Demonstrating the Disinfection Process. (1) Num¬ 
ber of survivors per unit volume (percentage of total); (2) the logarithms of the 
numbers in (1) plotted against time. Curves A, A' — processes in accordance with 
monomolecular reaction and the law of mass action; curves B, B' ~ sigmoid curves; 
curves C, C‘ = processes in which bacteria are killed more rapidly at first than if 
the monomolecular reaction and the law of mass action were obeyed. 


associates (1909, 1910), Cohen (1922), and Falk and Winslow (1926). 
A general survey of the results obtained by all these workers will show 
fairly well that, when the number of surviving bacteria in contact with a 
unit volume of a disinfectant is plotted against time, the points will 
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lie on a fairly smooth curve of type A shown in Fig. 1. This curve shows 
an initial rapid reduction in the number of viable organisms followed 
by a gradual reduction until all are killed; also there is a relationship 
between the number of bacteria surviving in a unit volume and the 
time which has elapsed. The form of this curve is rather typical for 
certain simple chemical reactions where only one substance is regarded 
as undergoing change (monomolecular reaction), such as, for example, 
the decomposition of radioactive substances and the inversion of 
cane sugar by acids. Other workers, however, have plotted their data 
and find the shape of the curves to be less uniform (curves B and C 
in Fig. 1 are only two simple possibilities). 

If disinfection processes do follow an orderly course resembling that 
of a monomolecular chemical reaction, then it must be clearly under¬ 
stood that the velocity of the change, according to the law of mass 
action, will depend upon the nature of the substance and its concen¬ 
tration at any given moment, the temperature and other environmental 
factors remaining constant. By means of calculus the velocity of a 
monomolecular reaction may be mathematically expressed. When 
such an expression is integrated and transposed to common logarithms 
it becomes: 


k = 



a 


(a - x) 


where = a constant depending upon the nature of the substance. 
t == the time. 

a = the original amount of substance undergoing change, 
(a—x) = the amount of substance remaining after time, t. 


This equation is the expression of the velocity of a monomolecular 
reaction and is often spoken of as the logarithmic law. If log (a—x) is 
plotted against time in the above equation, the resulting graph uill be 
a straight line (see line A' in Fig. 1). It is perhaps well to emphasize, 
however, that the formula represents the course of events taking place 
under ideal conditions and makes no pretense of indicating the true 
mechanism involved. W^hen applied to actual experimental observa¬ 
tions on monomolecular chemical reactions, it is found that this loga- 


^ Wlien the velocity of a monomolecular reaction is expressed mathematically by 
calculus and then integrated, the cciuation k = jln ~ is obtained. Thus in 

k 

the above equation where common logarithms are used, k = — = 0.434A:. Usu¬ 
ally k is expressed as above when comparative, and not absolute, values are im¬ 
portant. 
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rithmic law holds good only in so far as the ideal conditions can be main¬ 
tained. Enviromnental conditions w'hich are not ideal may lead to 
deflections from the true logarithmic rate at the beginning and at the 
end of the reaction, so that instead of a straight-line plot of the results, 
a somewhat sigmoid or s-shaped curve is obtained. Curves B and jB', 
and C and C', in Fig. 1 arc only two simple possibilities. If conditions 
are properly selected, these deflections may be reduced considerably, 
although in certain cases they are always present. 

All that is necessary to apply the monomolecular reaction to the 
process of disinfection is to assume that at any given time the reaction 
velocity or rate of death is proportional to the number of bacteria 
per unit volume. This can be shown best by a hypothetical example. 
Suppose we subject a bacterial culture containing 10,000 viable or¬ 
ganisms per milliliter to a disinfectant, and the death rate is such 
that 90 per cent of the bacteria are killed every minute. Then the 
number of organisms remaining alive in each milliliter after each 
minute will be as follows; 


Time 

After 0 minutes 
After 1 minute 
After 2 minutes 
After 3 minutes 
After 4 minutes 
After 5 minutes 
After 6 minutes 


Number of Surviving 
Bacteria 

10,000 per 1 ml. 
1,000 per 1 ml. 

100 per 1 ml. 

10 per 1 ml. 

1 per 1 ml. 

1 per 10 ml. 

1 per 100 ml. 


TABLE 2 

Disinfection of Anthrax Spores with 5 Per Cent Phenol at 33.3 ®C. 


[From Chick (1908)] 

Value of k (assuming 
reaction to be in 



Mean Number of 

accordance with 

Time, 

Bacteria per Drop of 

fc-Jlogf) 

hours 

Disinfecting Mixture 

0.0 

439.0 

.... 

0.5 

275.5 

0.40 

1.25 

137.6 

0.40 

2.0 

46.0 

0.49 

3.0 

15.8 

0.48 

4.1 

6.46 

0.46 

5.0 

3.6 

0.41 

7.0 

0.5 

0.42 


Mean value of A « 0.44 
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If we let B (rather than a, as in the foregoing equation) represent the 
initial number of viable bacteria and b (rather than a—x) the final 
number, the reaction velocity or rate of death, expressed as a monomo- 
lecular reaction, may be written thus: 



Now let us turn to some experimental observations in which the 
investigators have applied the above equation and see how their data 
fit the logarithmic law. Chick (1908, 1910) carried out experiments 
on the disinfection of anthrax spores with 5 per cent phenol at 33.3°C. 



Fig. 2. Disinfection of Anthrax Spores with 5 Per Cent Phenol at 33.3° C. In 
curve A circles represent experimental observations of the number of surviving 
spores in a unit volume. Line B represents a plot of the logarithms of concentration 
of survivors against time. (From Chick, 1930.) 


and found that the logarithm of the number of organisms surviving 
in a unit volume was proportional to the elapsed time. When one was 
plotted against the other, the process appeared to obey the law of 
mass action and to resemble wdiat is kno^vn by the chemist as a re¬ 
action of the first order or a monomolecular reaction. The results of one 
of her experiments are shown in Table 2 and Fig. 2. 

When vegetative cells of Eberthella typhosa and Escherichia coli were 
used as the test organisms in such experiments, the disinfection processes 
were found to conform to the monomolecular reaction formula. On 
the other hand, when Salmonella paratyphi was exposed to 0.6 per cent 
phenol and other disinfectants at 20°C. (Fig. 3), there was a rapid 
period in the rate of destruction which lasted for about 2 minutes. 
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Thus the rate of disinfection proceeded faster during the early phase 
than it should have done if the logarithmic law had been obeyed. 

A culture of Staphylococcus aureus acted entirely the opposite when 
it was exposed to 0.6 per cent phenol at 20°C. There was always a lag 
period of about 4 minutes in the rate of death before it became propor¬ 
tional to the number of surviving bacteria. This situation is shown 
graphically in Fig. 4, where the logarithms of survivors are plotted 
against time. These data are typical results of a great many studies 
carried out on bacteria by different investigators, using various disin¬ 
fectants. 


TIME IN MINUTES 

Fia. 3. Disinfection of a 24-Hour- 
Old Culture of Salmonella paratyphi 
with 0.6 Per Cent Phenol at 20° C. 

(From Chick, 1908.) 

Falk and Winslow (1926) and others have calculated their disinfec¬ 
tion data from equations for uni-, bi-, tri-, and quadrimolecular reac¬ 
tions to determine which reaction the processes most closely resembled. 
The results of the course of mortality for Escherichia coli in dilute 
solutions of calcium chloride are shown in Table 3. From the second 
column in this table it is apparent that the disinfection did not follow 
the logarithmic course because of the inconstancy of ki. The steadily 
decreasing values of fci indicate that the reaction between disinfectant 
and bacterium was proceeding at a rate higher than that indicated by 
the unimolecular equation. But, if the first and last two values of k 2 
(third column) are disregarded, the reaction may be considered to have 
proceeded in accordance with the course of a bimolecular chemical 
reaction. The almost constant values of k^ in the fourth column 
suggest, however, that after the first 3 to 6 hours the reaction took 
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place in the manner of a chemical reaction of the third order (trimoleo- 
ular). These observations are confirmed by the progressively in¬ 
creasing values of ^ 4 , listed in the last column, which indicate that the 
course of the disinfection rate was lower than that postulated from 
the equation of quadrimolecular reaction. 


TABLE 3 

The ViABHiiTY OF Escherichia colt in 0.145 Af CaCb Solution at 37®C. 
[From Falk and Winslow (1926)] 


Incubation 

Period, 


Velocity Constants 


hours 

ki 

A:2(X10«) 

^•3(X10^®) 


1 

1.56 

2.14 

3.39 

6.50 

3 

0.65 

1 16 

2.59 

7.01 

6 

0.46 

1.39 

6 48 

39.3 

9 

0.34 

1.30 

8 23 

68.9 

12 

0.27 

1.17 

8 50 

83.9 

24 

0.15 

0.85 

8.92 

127.0 

125 

0.034 

0.36 

8.00 

236.0 


In summary, according to Falk and Winslow, the data in Table 3 
indicate that, when the disinfection of E, coli by 0.145 M CaCl 2 does 
not follow the logaritlimic course of a unimolecular reaction, it may 
follow the course of a reaction of a higher order through a considerable 
period of time. Thus, in this case, during the first 12 hours the course 
is suggestive of a bimolecular reaction, whereas later the course is 
similar to that of a third-order chemical reaction. 

It would be absurd to say, since the courses of many disinfection 
processes are found to follow the monomolecular law, that a single 
molecular species is concerned. No one has definite proof for such a 
statement. However, whatever the mechanisms are and whatever the 
number of consecutive reactions may be, they leave still dominant in 
most cases the effect of bacterial concentration. This change in 
concentration may be measured. The analogj’^ between the monomolec¬ 
ular reaction and the disinfection process tells us nothing about the 
mechanisms concerned, but both merely formulate the relation between 
concentration and the course of the process. The monomolecular 
reaction is a convenient numerical basis for calculating the rate of 
disinfection, in spite of the fact that not all data fit the reaction. The 
mere use of such mathematical formulas does not necessitate the accept¬ 
ance of a strictly chemical, biological, or physical explanation of the 
basic forces which control the decrease in numbers of a bacterial popula¬ 
tion under the influence of a disinfectant. From the analysis of the 
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time curves of disinfection processes it is apparent that the reaction 
between disinfectant and cell or cellular constituents is highly complex. 
Although the logarithmic law probably best expresses the rate or course, 
the correspondence is not always close. This situation is to be ex¬ 
pected, however, in complex heterogeneous biological systems, 

CONCENTRATION OF DISINFECTANT 

It has long been recognized in disinfection procedures that a change 
in the concentration of disinfectant is accompanied by a corresponding 
change in the rate of disinfection. Chick (1908) noted that the rela¬ 
tionship between the concentration of a disinfectant and the rate at 
which bacteria were killed was not a simple, but rather an exponential, 
one. The exponent varied with each disinfectant and expressed the 
effect that dilution had upon the germicidal efficiency of the substance. 
For example, doubling the concentration of phenol did not halve the 
time necessary for the disinfection of Salmonella paralyphiy but rather 
reduced it from 240 minutes to 3^ minutes. 

In order to express mathematically the relationship between the con¬ 
centration of a disinfectant and the time required to kill a bacterial 
population Watson (1908) introduced the expression: 

= a constant (A) 

or, in logarithmic form: 

n log C + log t = log A 

where C = the concentration of the disinfectant. 

n = the coefficient of dilution, concentration exponent, or sim¬ 
ply a constant varying with each disinfectant. 
t == the time necessary for the killing process to take place. 

When disinfection times are determined for a series of disinfectant 
concentrations and the results are expressed in the equations, nlog 
Cl = log A — log < 1 , n log C 2 = log A — log < 2 , etc., successive pairs of 
equations may be combined by subtraction to yield the derived equa¬ 
tions; 

log t 2 - log h log h - log t 2 

m =-, no =-, etc., 

logCi-logC2 logC2-logC3 

from which an average value of n may be determined for the series. 
The average value of n in such a series may also be determined by 
the graphical method employed by Watson (1908). When the succes¬ 
sive values for log C and log t are plotted against each other, the results 
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should lie on an approximately straight line. The value of n may then 
be calculated by the equation [Tilley (1939)]: 

2/2 - 2/1 
n =- 

xi — X2 

after selection of two suitable points (xi, yi) and (x 2 , 2 / 2 ) on the straight 
line drawn under guidance of the plotted points representing the in¬ 
dividual experimental tests. After the average value of n for the series 
has been obtained either by computation or by the graphical method, 
values of log A may be obtained by substitution in the equation: 

n log C + log / = log A 

and an average value of log A determined for the series. 

Experimental results by Tilley (1939), using phenol as the disinfect- 



LOO c 

Fia. 5. Bactericidal Efficiency of Phenol against Staphylococcus aureus^ n == 5.75. 

(From Tilley, 1939.) 


ant and Staphylococcus aureus as the test organism, are shown in Table 
4, together with the derived values of n and log A. All calculations of 
the value of log A were based upon the average value of == 5.7. 
The same experimental data are presented in Fig. 6, where the values 
for log C are plotted against log U 

In 16 similar experiments conducted by Tilley (1939), using phenol 
and Eberthelia typhosa, the derived average values of n varied between 
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TABLE 4 

Bactericidal Efficiency op Phenol against StaphylococciLs aureus at 20 ®C. 


[From Tilley (1939)] 
C 



(parts 

t't 



Log Ci- 

liog tr- 




in 

min- 



LogC,. 

Ix)g h. 


Log 

Dilution 

1,000) utes 

LogC 

Log t 

etc. 

etc. 

n 

A 

1 : 55 

18.1 

5 

1.25768 

0.69897 




7.87 

1 :60 

16.6 

7.5 

1.22011 

0.87506 

0.03757 

0.17609 

4.69 

7.83 

1 :65 

15.4 

15 

1.18752 

1.17609 

0.03259 

0.30103 

9.24 

7.94 

1 : 70 

14.3 

20 

1.15534 

1.30103 

0.03218 

0.12494 

3.88 

7.88 

1 : 75 

13.33 

30 

1.12385 

1.47712 

0.03149 

0.17609 

5.59 

7.88 

1 : 80 

12.5 

40 

1.09691 

1.60206 

0.02694 

0.12494 

4.64 

7.85 

1 : 85 

11.7 

55 

1.06819 

1.74036 

0.02872 

0.13830 

4.81 

7.83 

1 : 90 

11.1 

80 

1.04532 

1.90309 

0.02287 

0.16273 

7.11 

7.86 

Average values 





5.7 

7.87 


6.8 and 9.0, with a general average of 7.3. Likewise in 24 experiments 
with phenol as the disinfectant and Staphylococcus aureus as the test 
organism the derived average value of n varied between 4.6 and 6.6, 
with a general average of 6.9. In Table 5 are presented average values 
of n determined at several temperatures. In general, they suggest very 
strongly that at ordinary temperatures values of n are characteristic 
for each disinfectant with each test organism. These characteristic 
values may be altered by temperatures of 30®C. or higher. 

TABLE 5 

Values op n Determined at Different Temperatures 
[From Tilley (1939)] 

TempcTaliiro 


Disinfectant 

Test Organi.sm 

lO^C. 

20°C. 

30°C. 

40^C. 

Phenol 

Eberthella iyphosa 

7.9 

7.5 

5.9 

5.2 


Staphylocccus aureus 

6.5 

6.5 

6.4 

5.4 

o-Cresol 

E. typhom 

8.3 

7.9 

5.5 

5.1 


S. aureus 

7.8 

7.6 

8.1 

6.8 

p-Cresol 

E. typhosa 

8.9 

8.4 

6.4 

5.3 


S. aureus 

8.2 

8.7 

9.4 

7.0 

Resorcinol 

E. typhosa 

4.6 

5.1 

5.2 

... 


S. aureus 

4.4 

5.0 

6.2 

... 

Ethyl alcohol 

E. typhosa 

12.7 

11.4 

8.8 



S, aureus 

11.4 

11.1 

8.5 

... 

n-Butyl alcohol 

E. typhosa 

• ■.. 

11.9 

10.3 

« • • 


8, aureus 

•. ■. 

11.8 

10.1 

• • • 
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It is generally assumed that substances which have a large value 
of n are highly germicidal above a given concentration but lose their 
efficiency rapidly upon dilution. On the other hand, compounds with 
a low value of n are not only germicidal in solutions above a given 
concentration but continue to exercise inhibiting effects on the growth 
of bacteria even when employed in relatively high dilutions. 

Some of the dilution coefficients which have been calculated by 
several investigators are listed in Table 6. 

TABLE 6 


Disinfectant 


Phenol 


Dilution Coefficient (n) or Several 

Value of n 
in equation 
= a 
constant 
(A) 

‘5 5 
5 5 
5.9 
7.3 
4,0 
.4.0 


Organism 

Salmonella paratyphi 
Staphylococcus aureus 
S. aureus 
Eberthella typhosa 
S. aureus 

Serratia marcescens 


Thymol 

Chloral hydrate 

4,0 

(CCl3CH(OH)2) 

4,0 


[1.24 

Sodium hydroxide ^ 

2.7 


|l.75 

1 

1,0 

Hydrochloric acid * 

0.7 


1.75 

Lower fatty acids 

6.0 


1.0 

Mercuric chloride 

0.5 

Silver nitrate 

0.86 

Hydrogen peroxide 

0.5 


S. aureus 

S. aureus 

Brucella abortus 
Escherichia coli 
Baallus subtilis, spores 

S. aureus 
S, aureus 
E. coli 
S. aureus 

S. aureus and other 
bacteria 

Staphylococcus and 
anthrax 

Salmonella paratyphi 
Eberthella typhosa 


Disinfectants 


Reference 
Watson (1908) 

Watson (1908) 

Tilley (1939) 

Tilley (1939) 

Gregersen (1915) 
Gregersen (1915) 

Gregersen (1915) 

Gregersen (1915) 

McCulloch (1936) 

Hobbs and Wilson (1942) 
Hobbs and Wilson (1942) 

Gregersen (1915) 

Cowles (1941) 

Cowles (1941) 

Cowles (1941) 

Gregersen (1915) 
Gegenbauer (1922) 


Watson (1908) 
Reichel (1908) 


We have stated that n is a constant which is characteristic for each 
disinfectant with each organism. However, the question may be raised 
as to its actual meaning. Watson (1908) suggested, from analogy with 
chemical reactions, that the exponent n signifies the average number of 
molecules of disinfectant which combine with one molecule of the re* 
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acting constituent of the bacterium when it becomes incapable of fur¬ 
ther growth and multiplication. In this case the reaction between 
phenol and bacterial protoplasm would be a reaction of the fourth, 
fifth, sixth, or seventh order. This seems rather extraordinary, since 
the known chemical reactions are rarely above the third order. Cowles 
(1940) came to some interesting conclusions in his study of the disin¬ 
fection concentration exponent. He presented evidence, supported 
by an analogy with the wetting of wool by various germicides, that 
an important part of the disinfection process may be the wetting of the 
bacterial cell and that changes in the time of disinfection with changes 
in the concentration of disinfectant may be due to correlated changes 
in wetting power. If such is the case, then n in the disinfection formula 
C^-t = B. constant (-4) may be an expression of the effect which changes 
in concentration have upon the surface activity of the disinfectant 
solutions, rather than a number indicating a chemical reaction of high 
order. 

The relation between rate of disinfection and change in concentration 
of disinfectant has been employed several times in the past to standard¬ 
ize disinfectants and to calculate, from the results obtained experi¬ 
mentally with one concentration, the effect which may be expected with 
a second untested concentration. One example from Watson’s paper 
will illustrate this point. 

A solution of phenol containing 10 parts per 1,000 disinfects a given 
culture in 25 minutes; a second solution takes 35 minutes. What is the 
strength of the second solution? 

Let the strength of the second solution be x. For phenol n ~ 5.5; 
thus: 

5.5 log 10 + log 25 = 5.5 log x + log 35 
5.5 logx = 5.35 

X = 9.4 parts per 1,000 

Just how far such a procedure can be used to test disinfectants is 
very questionable, since the data in Table 6 show that workers have 
reported different values of n for the same disinfectant. Until more 
work has been done on this subject, the only safe way to evaluate germi¬ 
cidal powers is by actual experimentation. 

INFLUENCE OF TEMPERATURE 

For a long time it has been known that disinfection processes become 
more rapid at higher temperatures. Mathematically the relation be¬ 
tween temperature and rate of disinfection is an arithmo-geometrical 
one; that is, as the temperature rises in arithmetical units, the rate of 
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the reaction increases in geometrical progression, or there is a linear rela¬ 
tion between the logarithm of disinfection rate and the temperature 
at which the process takes place. The formula relating the velocity 
constants at two different temperatures is: 

in which ^2 and ki are constants of the disinfection reaction at the tem¬ 
peratures T 2 and Tiy respectively, and Q is the temperature coefficient 
[Phelps (1911)]. Usually the value of a lO-degree rise, Qm, is given, 
this value being the tenth power of Q. According to the law from which 
this equation was deduced, the effect of higher temperature is due to 
an increase in the energy possessed by the reacting molecules and 
is proportional to the temperature reckoned from absolute zero 
( — 273^0.). To explain this relationship further, let us take a specific 
example from Cohen (1922), who studied the rate of death of Escher¬ 
ichia coli at different pH values and temperatures. The data in Table 
7 were obtained. 


TABLE 7 

Avera<3E Velocity and Temperature Coefficients of Mortality op 
Escherichia coli at Different pH Values and Temperatures 


[P'rom Cohen (1922)] 


Tcmpera- 


ture, 

pH 3.5 

pH 6,1 

pH 7.1 

pH 8.0 

"C. 

k Oio 

k Qio 

k Oio 

k Qio 

0 

0,0176 

0.000206 

0.000107 

0.000260 


2.12 

1.53 

1.62 

1.22 

10 

0.0373 

0.000315 

0.000174 

0.000314 


4.34 

1.12 

2.99 

2.12 

20 

0.1654 

0.000353 

0.000520 

0.000666 


3.76 

4.56 

2.29 

3.00 

30 

0.6214 

0,0001611 

0.001170 

0.001996 


The Qio values are obtained simply by substituting the velocity 
coefficients at two different temperatures in the preceding formula. 
For example, the temperature coefficient or the increase in death rate 
of Escherichia coli at pH 3.5 between 20°C. and 30°C. is: 


- = Q 


(ri-ro 


0.6214 


^ao—2 


0.1654 

Qio = 3.76, or Q = 3.76®^ = 1.142 
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A more simple method for calculating the value of Q is to determine 
the time of exposure necessary to sterilize completely a suspension of 
bacteria when exposed to the same agent, but at two different tem¬ 
peratures. Since the time taken for the completion of the process may 
be considered as inversely proportional to the rate of the disinfection, 
it is not necessary to calculate the value of k at two different tempera¬ 
tures. Thus, if only the temperature is varied in an experiment and 20 
minutes are required to sterilize a culture at 40°C., whereas 44 minutes 
are necessary at 30°C., then the temperature coefficient can be cal¬ 
culated: 

Qio = M = 2.2, or 0 = 2.2“ ^ = 1.082 

A simunary of the influence of temperature on the action of several 
chemical disinfectants is given in Table 8. The extent to which the 
disinfection rate is increased with rise in temperature depends on several 

TABLE 8 

Influence op Temperature on the Rate op Disinfection 





Tempera¬ 




ture 

Range, 

Disinfectant 

Organism 

Oio 

‘‘C. 

Hydrochloric acid 

Staphylococcust species 

1.5-3.0 

1-47 

Weak acid (buffered ^ 

f JSberthella typhosa 

1.64 

0-301 

at pH 3.6) 

( Escherichia coli 

3.41 

0-30/ 

NaOH (0.5%) j 

f E. coli 

2.15 

20-301 

[E.coli 

3.35 

30-40 I 

NaOH (5.0%) 

Bacillus subtUis, spores 

1.44 

30-50 I 

NaOH (2.0%) 

B. suhtxlxs, spores 

2.89 

60-70 J 

Mercuric chloride j 

f SalmoneUa paratyphi 
[ Anthrax spores 

3.0-4.0 
2.5 

0-42 

25-45 

Silver nitrate 

Salmonella paratyphi 

3.0 

15-40] 

Phenol i| 

f S. paratyphi 

7.0-15.0 

0-35 \ 

Anthrax spores 

5.6 

20-33 J 

Emulsified tar«acids 

Anthrax spores 

7.Q-8.6 

0-25 

Chloramine-T 

Bacillus metiens, spores 

3.76,6.11 ♦ 

25-35] 

Chloramine-T 

B. metiens, spores 

3.09, 5.41 * 

35-45 \ 

Chloramine-T 

B. metiens, spores 

3.65,5.39 * 

45-56 J 

H 3 i>ochlorite (B-K), 
pH 10.0 

r B. metiens, spores 

B. metiens, spores 

1.86 

2.40 

20-30] 
30-40 [ 

[B. metiens, spores 

2.90 

40-60 J 


Reference 

Paul and associates (1910) 
Cohen (1922) 


Ilobbs and Wilson (1942) 
Chick (1908) 

Madsen and Nyman (1907) 
Chick (1908) 

Chick (1908) 

Charlton and Levine (1937) 

Rudolph and Levine (1941) 


* First value observed at pH 8.7 and second at pH 6.0. 


factors. Disinfection with metallic salts, which apparently depends 
in part upon a union between metal and bacterial protein, Ls influenced 
in the same degree as are other chemical reactions which are hastened 
about two to three times for a 10®C. rise in temperature. On the other 
hand, disinfection with phenol and other related compounds is increased 
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five to eight times for a similar rise in temperature. Thus, even though 
it is generally accepted that temperature accelerates the rate of disin¬ 
fection, several exceptions have been reported. This fact probably 
indicates that the phenomenon of dLsinfection is rather complex and 
that other controlling factors may be involved. 

Phelps (1911) is of the opinion that the present tests for determining 
the potency of disinfectants are rather unsatisfactory. He has sug¬ 
gested that a method of standardization should include the calculation 
of n and Q for each disinfectant. These values can be determined by 
experimental trials involving two different dilutions of the disinfectant 
at the same temperature and two different temperatures at the same 
concentration. If these data arc known, he believes we can better 
evaluate disinfectants. 

EFFECT OF ORGANIC MATTER 

It is now generally recognized that the presence of organic matter 
interferes with the action of all disinfectants. For this reason tests for 
germicides which are to yield results of practical significance must 
include organic matter in the tost mixture. Some disinfectants, espe¬ 
cially those which act by liberating chlorine or oxygen, are considerably 
weakened in activity by the addition of small amounts of any extran¬ 
eous material with which these elements can combine. Other disin¬ 
fectants are more resistant to the presence of organic matter. In fact, 
some are capable of efficient action in the presence of excreta, blood, 
dirt, and other organic substances, if used in adequate concentration. 
What this concentration should be under such conditions must be 
determined, since the degree of interference is not the same for all dis¬ 
infectants even in the same class. Furthermore, a constant relation¬ 
ship does not exist between germicidal efficiency under these conditions 
and in a medium of distilled water. 

Chick and Martin (1908) observed that the presence of 10 per cent 
blood serum reduced the efficiency of 1 per cent phenol about 12 per 
cent, whereas with mercuric chloride the reduction was much greater. 

For example, a 0.5 per cent solution of mercuric chloride was reduced 
from 0.6 to 0.06 of its original value as the concentration of serum 
was increased from 5 to 30 per cent. The presence of particulate or¬ 
ganic matter, such as a 3 per cent suspension of finely powdered dried 
feces, reduced the germicidal efficiency of phenol by about 10 per 
cent; upon commercial cresols a reduction of 30 to 50 per cent was 
produced, depending upon the completeness with which the prepara¬ 
tion dissolved. The freer the sample was from higher and insoluble 
homologues, the less depreciation occurred in the original value. The 
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so-called Chick-Martin Method of testing disinfectants in the presence 
of organic matter, such as dried feces, has certain inherent faults which 
render accurate findings difficult. To make such a test more reliable 
Garrod (1935) proposed a technique in which a suspension of commer¬ 
cial yeast, killed by heat, is used as the source of organic matter rather 
than dried feces. Such a suspension causes an equivalent reduction 
in disinfectant activity and yields constant results. It does not 
possess any unexpected drawbacks and has certain important advan¬ 
tages, the chief of which is that yeast cells exhibit a degree of regularity 
in chemical composition not possessed by heterogeneous fecal matter. 

A more complete discussion on the effect of organic matter on various 
disinfectants will be found on pp. 250 to 342 of this chapter, where 
the various agents are taken up separately. 

RELATIONSHIP BETWEEN SURFACE TENSION AND THE ACTION 
OF DISINFECTANTS 

There seem to be some data available in support of the view that 
surface tension plays a role in certain disinfection processes. Here 
again, however, the assumption must be made that changes in the 
liquid-air interface are accompanied by a corresponding change in the 
bacterium-medium interface. As we have stated before, this analogy 
has very little definite proof. Therefore, the exact interpretation of 
the effects of changes in surface tension on disinfection processes must 
await the development of more accurate methods of measuring the 
interfacial tension between a bacterium and its medium. 

Frobisher (1927) made a complete review and study of this subject. 
He came to the conclusion that the bactericidal powers of phenol and of 
hexylresorcinol against Eherthella typhosa may be enhanced by slightly 
reducing the surface tension of their substrate with suitable quantities 
of sodium oleate or ethyl acetate. When an excess of the surface- 
tension depressant was added to phenol or hexylresorcinol, its germi¬ 
cidal efficiency was lowered. This result was believed to be due to the 
adsorption of the soap on the surface of the cells, with the formation 
of a protective film or coating. The role played by surface-tension 
depressants in such a case seems to be to increase the penetrative power 
of the liquid disinfectants. 

In a somewhat different type of study Gershenfeld and Milanick 
(1941) have determined the bactericidal properties of surface-tension 
depressants. They found that reduced surface tension alone does not 
explain the bactericidal action of a depressant which possesses germi¬ 
cidal action. Rather the bactericidal action is due to the combination 
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of three factors or agents: (1) the surface-active material—anionic or 
cationic compounds; (2) the H-ion concentration of the environment— 
acid or alkaline; and (3) the specific organism or group of organisms— 
Gram-positive or Gram-negative. The germicidal action of certain 
anionic compounds (Aerosol and Tergitol-4 and 4T) and cationic com¬ 
pounds (Triton K-12) is markedly influenced by H-ion concentration. 
The cationic depressant exhibited its greatest efficiency in the alkaline 
range; the higher the pH, the greater was the efficiency. The anionic 
depressants, on the other hand, exhibited their greatest activity in the 
acid range; the lower the pH, the greater was the activity. The cationic 
depressant, generally speaking, w’^as slightly more effective against 
Eberthella typhosa (Gram-negative) than against Staphylococcus aureus 
(Gram-positive); the anionic depressants showed the opposite action. 


RELATIONSHIP BETWEEN CHEMICAL STRUCTURE AND 
BACTERICIDAL ACTIVITY 

The results of most studies of disinfection are given on a weight, 
rather than a molecular, basis. However, the relationship between the 
chemical constitution of chemical compounds and their germicidal 
activity has been studied by several investigators [see the review by 
Suter (1941)]. Tilley and Schaffer (1926), for example, determined the 
phenol coefficients for a series of primary, secondary, and tertiary 
alcohols and paraphenols, using Eberthella typhosa and Staphylococcus 
aureus as test organisms. When the phenol coefficients were converted 
from the original gram-weight basis to a gram-molecular basis by the 
formula: 


Molecular weight of substance tested 
Molecular weight of phenol 


X Phenol coefficient = Molecular coefficient 


Tilley and Schaffer observed that the molecular coefficients of succes¬ 
sive members of each series increased almost uniformly, with an average 
ratio between coefficients of 3.36 for the primary normal alcohols and 
approximately 3.0, 2.7, and 3.3 for the secondary normal alcohols, 
tertiary normal alcohols, and paraphenols, respectively. 

A more recent study on this subject is that by Klarmann, Shtemov, 
and Gates (1934). They determined the relationship between the 
chemical structure and the germidical action of aliphatic and aromatic 
substitution derivatives of p-chlorophenol,o-chlorophenol,and the halo- 
gen-free p-alkyl phenol derivatives. One typical example from their 
work will illustrate the germicidal action of the various derivatives of 
o-chlorophenol on Eberthella typhosa^ Staphylococcus aureus, Mycobacte- 
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rium tuberculosis, and Monilia albicans. The derivatives of o-chloro- 
phenol under consideration may be represented by this general formula: 



where R is the aliphatic or aromatic substituent. The data obtained 
with these representative test organisms are presented in Table 9 and 

TABLE 9 

The Germicidal Action op Homologous Derivatives op o-Chlorophenol 

UPON Organisms 

[From Klarmann, Shternov, and Gates (1934)] 



EbertheUa typhosa 

Staphylococcus 

aureus 

Mycobacterium 

tuberculosis 

homtnis 

Monilia albicans 

o-Chloro- 

I* 

II* 

1 

-\ 

11 

I 

II 

t - 

I 

-1 

II 

phenol 

1 :350 

2.6 

1 :200 2.9 1 :200 

p-Alkyl Derivatives 

2.2 

1 :250 

2.2 

Methyl 

1 : 1,000 

6.3 

1 :600 

7.5 

1 :600 

5.6 

1 :760 

8.3 

Ethyl 

1 :2,750 

17.2 

1 : 1.100 

15.7 

1 : 1,600 

17.8 

1 :2,000 

22.2 

n-Propyl 

1 :G.000 

40.0 

1 :2,260 

32.1 

1 :3,000 

33.3 

1 :4,000 

44.4 

n-Butyl 

1 : 13,000 

86.7 

1 :7,600 

93 8 

1 :7,000 

77.8 

1 :8,000 

88.9 

n-Amyl 

1 : 12,000 

80.0 

1 :20,000 

286.0 

1 : 20,000 

222.0 

1 :25,000 

278.0 

tert-Amy\ 

1 :4,500 

32.1 

1 : 10,000 

125.0 

1 : 10,000 

111.0 

1 : 10,000 

100.0 

n-Hexyl 

1 :3,500 

23.3 

1 :40,000 

600.0 

1 : 16,000 

178.0 

1 : 25,000 

278.0 

n-Heptyl 

1 :2.500 

16.7 

1:30,000 375.0 1:7,000 

Aromatic Derivatives 

77.8 

1 ;7.000 

70.0 

4-Benayl 

1 :6,000 

35.7 

1 : 10,000 

125.0 

1 : 13,000 

163.0 

1 :14,000 

156.0 

6-Ben*yl 
Phenol (con¬ 

1 :3,760 

25.0 

1 :5,500 

68.8 

1 : 10,000 

126.0 

1 :8,000 

88.9 

trol) 

1 :140-150 

1.0 

1 :70-80 

1.0 

1 :90-100 

1.0 

1 :90-110 

1.0 


* Column I lists the minimum concentrations effective in 10 minutes, and Column II the phenol 
coefficients. 


Fig. 6. These results show clearly the effect of increasing the weight of 
the substituting side chain on the bactericidal activity of compounds. 
The maximum germicidal efficiency for E. typhosa was reached with the 
n-butyl derivative, for M. tvbercvlosis and the fungus, Monilia albicans, 
with the n-amyl derivative, and for S. aureus with the n-hexyl deriva¬ 
tive. Quite similar results were obtained when other derivatives and 
different organisms were used. In fact, Klarmann, Shternov, and 
Gates [see also review by Suter (1941) for more details] observed a 
number of regularities among the various compounds, namely: 
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1. Halogen substitution intensifies the microbial potency of phenol deriva¬ 
tives, the presence of halogen in the par<^position to the hydroxyl group being 
more effective in this respect than in the ortho-position. The effect of halogen 
substitution, in general, increases with increasing atomic weight of the halogen. 
However, the effect of iodine has been little studied. 

2. Introduction of aliphatic or aromatic groups into the nucleus of halogen 
phenols increases the bactericidal potency (up to certain limits), this increase 
depending, in the case of alkyl substitution, 
upon the number of carbon atoms present 
in the substituting group or groups. 

3. As a rule the intensifying effect upon 
the bactericidal potency of a normal ali¬ 
phatic chain with a given number of carbon 
atoms is greater than that of a branched 
chain, or of two alkyl groups with the 
same total number of carbon atoms. 

4. Ortho-Silkyl derivatives of para-chloro- 
phenol are more actively germicidal than 
para-alkyl derivatives of ortho-chloTo- 
phenol. 

5. In the case of the higher homologues 
the germicidal action manifests a ^^quasi- 
specific^^ character in that, beginning with 
a definite point (wliich is different in the 
case of the various test organisms), with 
the further increase in the weight of the 
substituting groups, the germicidal capac¬ 
ity drops to almost total inactivity with re¬ 
spect to certain microorganisms {Eberthella 
typhosa^ Shigella parodysenteriae) while 
rising to comparatively enormous values with respect to others (Staphylocoeem 
aurem, streptococcus, Mycobacterium smegmatis). 

6. Separation of an alkjd group from the phenol nucleus by oxygen decreases 
the germicidal activity, and the presence of oxygen as an alcohol or ether 
group in the side chain likewise produces tliis effect. On the other hand, a 
sulphur atom between the aryl and alkyl group increases the bactericidal 
action. 

7. Increasing the number of hydroxyl groups attached to an aromatic nu¬ 
cleus decreases the germicidal activity, a decrease that cannot effectively be 
compensated for by alkyl or halogen when more than two hydroxyl groups are 
present. 

Additional data on the relationship between chemical structure and 
the inhibitory effect of various chemicals for microorganisms will be 
found on pp. 310 to 315 on sulfonamide compounds and in Chapter 7. 



Fig. 6. The Germicidal Action of 
para-Alkyl Derivatives of ortho- 
Chlorophenol. Test organism: I. 

. . = Eberthella typkosa; II. 

- = Staphylococcus aureus; 111. 

- ~ Mycobacterium tuberculo¬ 
sis (hominis); IV.-- Monilia 

aWicans. (From Klarmann, Shter- 
nov, and Gates, 1934.) 
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BACTERIOSTASIS 

Before the effects of individual chemicals on bacteria are discussed, 
it should be pointed out that many of the compounds which are com¬ 
monly referred to as disinfectants or germicides actually exhibit only 
bacteriostatic or antiseptic action. The inhibition of normal bacterial 
multiplication by chemical substances, such as dyes and other com¬ 
pounds, is generally spoken of as bacteriostasis. However, it has been 
well established that there is no sharp differentiation between mere 
inhibition of bacterial multiplication and germicidal action by chemi¬ 
cals. Such a separation is made only for convenience. The general 
relationship between these categories is shown clearly in a disinfection 
“spectrum’^ (Fig. 7), such as the one devised by Marshall and Hrenoff 
(1937). An analysis of this spectrum reveals a concept of the action of 
disinfectants as a flexible blending of differentiated modes or degrees of 
activity. The first band of the spectrum covers a range of dilutions of a 
chemical agent between zero per cent and the greatest dilution which 
can be shown to exert any action whatever on bacteria, the ineffective 
band. The second band portrays a range of relatively high dilutions 
in which there is some slight stimulation of bacterial multiplication, 
the stimulative band. This range is usually narrow and is frequently 
of no practical significance, although there is no material objection to 
the application of the spectrum to substances not ordinarily considered 
as disinfectants, whereupon this band might become broad. The third, 
or inhibiting, and the fourth, or bactericidal, bands merge indistinguish- 
ably. These bands are those around which interest is primarily cen¬ 
tered. The fifth, or impractical, band covers a range of concentrations 
of disinfectant which, for any of various reasons, is too great for 
reasonable application. The position and width of the bands vary with 
the disinfectant, the method of testing, the temperature, the organism, 
and many other factors. 

The data presented in Fig. 7, taken from Marshall and Hrenoff 
(1937), are a condensation of the chief correlations, following in general 
scheme the idea of the disinfectant spectrum. The twenty disinfectants 
used are presented vertically, and the pertinent dilutions horizontally. 
The bars of the chart are constructed from data derived from the growth 
of six organisms, including Staphylococcus aureus, Bacillus subtilis, 
Escherichia coli, and Neisseria catarrhalis, in broth cultures containing 
various dilutions of the disinfectants indicated. The activity of each 
disinfectant has been empirically divided into three ranges. One 
represents concentrations of the chemical agent which, as tested, per¬ 
mitted no apparent multiplication during the period observed. The 
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Bacteriostatic Ranges of Twenty Disinfectants. Average data for six organisms. (From Marshall and Hrenoif, 1937.) 
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second category covers a concentration range within which growth was 
delayed at least 24 hours, although multiplication eventually appeared. 
The third range of dilutions showed demonstrable inhibition, but multi¬ 
plication was apparent in 24 hours or less. 

Additional data on the bacteriostatic action of the sulfonamides, 
penicillin, various dyes, and related compounds have been obtained 
by many workers. These results will be discussed later in the chapter. 

THE ANTISEPTIC AND DISINFECTING AGENTS 

We have thus far briefly discussed the principal factors which de¬ 
termine the death or survival of bacteria when they are exposed to an 
unfavorable chemical environment. Let us now turn to a closer exami¬ 
nation of the chemical agents themselves and mention some of their 
effects on bacteria. Space does not permit our discussing all the agents 
of disinfection. For such information the references and the annual 
reviews by Klarmann (1939-1944), ^The Scientific Advances in Dis¬ 
infectants and Antiseptics,’’ should be consulted. 

WATER 

A great many conflicting results have been reported concerning the 
action of pure water on the viability of bacteria and their spores. Such 
conflicting data may be due to our lack of knowledge concerning the 
biological effects of the different molecular forms of water. Rao 
(1933) has shown, for example, that the relative distribution of (H 2 O), 
(£[ 20 ) 2 , and (H 20)3 molecules in the different states of water arc: 




Water, 

Water, 

Water, 


Ice, 

0°C., 

38*^0., 

98 °C., 


per cent 

per cent 

per cent 

per cent 

Monohydrol, (H 2 O) 

0 

19 

29 

36 

Dihydrol, (H20)2 

41 

58 

50 

51 

Trihydrol, (H20)3 

59 

23 

21 

13 


The discovery of the heavy isotope of hydrogen has added still 
another factor to be considered. The physical properties of this heavy 
isotope of hydrogen are so different from ordinary hydrogen that a 
special name, deuterium, has been assigned to it. The symbol for 
deuterium is D, and ‘‘heavy water” is designated as D 2 O. Several 
studies may be cited in which the investigators incorporated heavy 
water in the medium to determine its effect on microorganisms. Such 
water in high concentrations has been shown to inhibit the respiration 
of species of luminous bacteria and yeast [Taylor and Harvey (1934)] 
and to decrease the rate of fermentative deamination of d-alanine 
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[Forjaz and Jacobsohn (1938)]. For example, the respiration of yeast 
in water containing deuterium oxide in concentrations below 20 per 
cent was not changed, whereas 45 per cent caused a 5 per cent reduction 
in respiration, and 97 to 98 per cent heavy water about 50 per cent 
reduction after 1 hour. Hansen and Blegen's (1935) experiments 
showed that media containing 92 to 94 per cent D 2 O did not inhibit 
the growth of staphylococci or typhoid bacilli; and Weiser (1937), 
using concentrations of 0.13, 0.7, and 5.0 per cent deuterium oxide in 
whey broth, found no appreciable change in the morphology or rate 
of multiplication of eight strains of Lactobacillus acidophilus and Lactch 
bacillus bulgaricus. 

Many factors influence the action of water on bacterial viability. 
For instance, Winslow and Falk (1923) found after a great many tests 
that the rate of death of bacteria in water is increased greatly by 
increased hydrogen-ion concentration (Table 10 ). A reaction of about 
pH 6.0 was the most favorable to the viability of Escherichia coli in 
distilled water, the viability decreasing as the solution became more 
acid or more alkaline. 


TABLE 10 

Viability of Escherichia coli after 9 Hours in Distilled Water at 37®C. 

[From Winslow and Falk (1923)] 

_pH_ 

4.0 5.0 6.0 7.0 7.5 8.0 

Percentage of bacteria surviving 1 82 106 * 54 35 12 

* A slight increase in cells occurred at this pH value. 

The amount of carbon dioxide and ammonia absorbed from the air, 
the quantity of dissolved oxygen, the temperature at which the sus¬ 
pension is maintained, and other factors may influence the action of 
pure water on the life processes of bacteria. For example. Bigger and 
Nelson (1943) have observed that coliform bacilli will actually grow 
in distilled water containing talc, presumably due to their utilization 
of CO2 and NH 3 derived from the atmosphere and dissolved in the 
water. 

CATIONS AND ANIONS 

A great deal has been written about the physiological antagonistic 
and stimulative effects of cations and anions, but little is known about 
the mechanism of their action. Whether they act upon the cell mem¬ 
brane and alter its permeability, change the physical and chemical 
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state of the protoplasm, affect the activities of the cellular enzymes, or 
bring about a series of changes is not well understood at this time. To 
complicate the picture at times is the evidence that the toxic action of 
one ion can be neutralized by different ions and that certain metals 
exhibit a phenomenon known as oUgodynamics. 

Ions themselves are not usually classed as antiseptics or disinfectants, 
at least not in the concentrations used. However, because of their in¬ 
direct effect on disinfection processes, they must be given some atten¬ 
tion. For example, Sprowls and Poe (1943) have found that many inor¬ 
ganic astringents (salts of aluminum, copper, iron, lead, mercury, silver, 
and zinc) are capable of increasing the germicidal power of such antisep¬ 
tics as phenol, hexylresorcinol, merthiolate, and metaphen when deter¬ 
mined by the F.D.A. method of testing antiseptics. There seems to be 
a maximum dilution for both astringent and antiseptic, beyond which 
no enhancement of inhibition is manifested by combining the sub¬ 
stances. This point is also clearly illustrated on pp. 268 to 269 on alka¬ 
lies, where it is mentioned that the addition of electrolytes to a germi¬ 
cide, such as sodium hydroxide, may increase or decrease the action of 


TABLE 11 


Cations in 

Series of 

Increasing Toxicity 

FOR Bacteria, 

Paramecia, and 



Fundulus Eggs 




[From Falk (1923)1 


[Eisenberg 

[Winslow and Hotch¬ 

[Woodruff and 

[Mathews 

(1918)1 

kiss (1922)1 

Bunzel (1909)1 

(1904)1 

Bacteria 

Escherichia coli 

Paramecium 

Fundulus Eggs 

Na 


K 


K 

Sr 

K 


Na 


Ca 

Mg 

NH4 

A1 

NH4 

Al 

Zn 

Ba 

Li 

Nd 

Li 

Ce 

Sr 

K 

Mg 

Pb 

Sr 

Cd 

Mg 

NH4 

Sr 

Cu 

Mg 

Hg 

Mn 

Al 

Ca 

T1 

Ca 


Co 

Ca 

Ba 

Zr 

Ba 


Ni 

Na 

Mn 

Ni 

Mn 


Cd 

Mn 

Ce 

Cd 

Ti+++ 


Cu 

Li 

Th 

Co 

Sn 


Ag 

Fe++ 

Fe++ 

Au 

Ni 


Pb 

Ni 

Y 

Pt 

Ti-*- 


Fe 

Co 

Cr 

Hg 

Zn 


Hg 

Zn 

U 

Ag 

Cu 


H 

H 

Zn 


Fe*^"*" 



Au 

Pe-HH- 


Fe+++ 



Cd 

Ti 


Co 



Cu 

Be 


Pb 



re+++ 
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the germicide through an effect upon the dissociation of the germicide, 
as well as through action upon the bacterial cells. 

It is almost impossible to formulate a satisfactory classification of 
cations and anions based upon their stimulative or toxic effects against 
bacteria, since they vary considerably in the concentrations which arc 
stimulatory and those which are toxic. Furthermore, since the study 
of such ions usually depends upon the dissociation of the salts of min¬ 
eral acids, their action may be due to the undlssociated molecule, to the 
anion, to the cation, or to all three in combination. Several workers 
[see reviews by Falk (1923) and Seuderling (1933)] have attempted to 
assess the importance of each of these three factors by making comparar 
tive tests with salts of one base combined with different anions, and of 
one anion combined with different cations. Table 11, adopted from 
Falk (1923), shows the essential similarities in the toxic action of cat¬ 
ions for bacteria, protozoa, and marine eggs. The cations are arranged 
in series of increasing toxicity for the various cells. In general, the 
data show that the ionic efficacy increases with the valence. However, 
there are some exceptions to this general rule. 

The actual molar concentrations of salts necessary to cause inhibi¬ 
tion of multiplication of Escherichia coli were studied by Hotchkiss 
(1923). Some of her data are summarized in Table 12. The less toxic 

TABLE 12 

Molar Concentrations of Salts Which Limit Multiplication of 
Escherichia coli in Peptone Water (Incubation Period, 3 Days) 

[From Hotchkiss (1923)] 



Group I 



Group II 



No multi¬ 

Multipli¬ 


No multi¬ 

Multipli¬ 

Salt ^ 

plication 

cation 

Salt 

plication 

cation 

KCl 

2.0 

1.0 

TiCls 

0.01 

0.0025 

NaCl 

2.0 

1,0 

TlCl 

0.005 

0.001 

NH4CI 

1.0 

0.75 

SnCU 

0.005 

0.001 

LiCl 

0.75 

0.5 

NiCb 

0.006 

0.001 



0.25 

ZnCh 

0.001 

0.0005 

SrCl2 

1.0 

CuCl2 

0.001 

0.0005 

MgCb 

0.5 

0.25 

FeCh 

0.001 

0.0005 

CaCb 

0.6 

0.26 

FcCh 

0.001 

0.0005 

BaCb 

0.25 

0.1 

C0CI2 

0.0006 

0.0001 

MnCb 

0.05 

0.026 

PbCl2 

0.0005 

0.0001 


AlCls 

0.0005 

0.0001 




CeCb 

0.0005 

0.0001 




CdCU 

0.0001 

0.00005 




HgCla 

0.00001 

0.000006 
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salts (termed Group I) include the salts of the alkali metals and the 
alkaline earth metals. The toxic salts (Group II) consist of the salts 
of the heavy metals. It is known that the salts of Group I give neutral 
solutions and that, owing to hydrolysis, the salts of Group II yield 
solutions with an acid reaction, a fact which may account for part of 
their action. The stimulative action of these salts for E, coli was 
included in the study by Hotchkiss (1923). In 15 of the 23 chlorides 
studied a concentration was found which stimulated growth, as indi¬ 
cated by the production of a turbidity greater than that in a control 
solution to which no salt had been added (Table 13). The chlorides 
of the cations were used in all cases in order to avoid any conflicting 
results which might arise if different anions were employed. It will be 
noted that the stimulating salts included not only those of K, Na, NH4, 
Li, Sr, Mg, Ca, and Ba but also such toxic salts as those of Sn, Zn, 
Pb, Ce, and Hg. The stimulating concentrations for the toxic salts 
were, of course, exceedingly low. This problem has been further in¬ 
vestigated by Fabian and Winslow (1929). 

TABLE 13 

Molar Concentrations of Salts Which Stimulate the Growth of 
Escherichia coli in Peptone Water (Incubation Period, 3 Days) 

[From Hotchkiss (1923)] 



Molar 


Molar 

Salt 

Concentration 

Salt 

Concentration 

NaCl 

0,25 

TiCb 

0.0005 

KCl 

0,25 

NiCb 

0.0001-0.00005 

NH4CI 

0,25 

PbCl2 

0.00005 

LiCl 

0,125-0,025 * 

SnCU 

0.00005-0.000005 



ZnCb 

0.00005-0.00001 

CaCh 

0,05 

CeCls 

0.00001 ♦ 

MgCL 

0,05 

HgCl2 

0.000001 * 

SrCl2 

0.025 



BaCb 

0.05 




* Growth stimulation slight. 

Studies of anion effects on bacteria have been less numerous than 
those of cations, although a considerable literature has grown up around 
the effect of the hydroxyl ion. For extensive reviews on this subject 
Eisenberg (1918) and Fabian and Winslow (1929) should be consulted. 
Some of the anions are known to be toxic for microorganisms, but 
their use as bactericides is somewhat limited because of their affinity 
for organic matter. 
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The most extensive study of the toxicity of anions for bacteria was 
that reported by Eisenberg in 1918. He used twelve different bacterial 
species, including Bacillus anthraciSf Corynebacterium diphtheriae^ 
Escherichia colij Eherthella typhosa^ and Vibrio comma, and employed 44 
different anions in combination with 11 different cations. Some of his 
results are indicated in Table 14, where the various anions, in combina- 

TABLE 14 

Anions in Series of Increasing Toxicity for Bacteria 
[From Eisenberg (1918)] 


Varioua Anions in Combination with 


Na 

K 

NH4 

Li 

Mg 

Ca 

Sr 

Ba 

Zn 

Cd 

Co 

SO4 

Tartrate 

Tartrate 

SO4 

SO4 

Cl 

Br 

Cl 

SO4 

SO4 

F 

Tartrate 

NOs 

Cl 

Cl 

Cl 

Acetate 

Cl 

NOs 

NOs 

Cl 

NOs 

Acetate 

Cl 

Br 

Br 

Br 

Br 

CIOs 

Br 

Cl 

NOs 

I 

Cl 

Br 

Oxalate 

NOs 

NOs 

CIOs 

NOs 

CIO3 

CIOs 

CIOs 

CNS 

CIOs 

Acetate 

NOs 

CIOs 

CIOs 

NOs 

I 

CIO4 

Br 

I 

Br 

Br 

Citrate 

CIO4 

Citrate 

I 

I 


I 

I 

Br 

SO4 

NOs 

Oxalate 

CNS 

CNS 


CNS 


CNS 



Cl 

Citrate 

BrOs 

I 

Oxalate 


lOs 





aos 

Oxalate 

I 

F 

I 








Formate 

CNS 

lOs 

lOs 









CNS F 

CIO 4 Salicylate 
BrOj CN 

I lOs 

Benzoate IO 4 

PO 4 
F 

Salicylate 

lOi 

tion with different cations, are arranged in order of increasing toxicity. 
The results are average findings based on the toxicity for the various 
bacterial species. It is interesting to note the position of the various 
anions in the scries when they are in combination with different cations. 
When the various cations were disregarded, the anions followed the 
following series, based on increasing toxicity: SO4 < S2O3 < tartrate 

< H2PO2 < M0O4 < Cl < Br = NO3 < SO3 < Fe(CN)6"" < ace¬ 
tate < CIO3 < citiate < HPO3 < oxalate < formate < CNS < CIO4 

< BrOs < I < H2PO4 < benzoate < nitroprusside < ASO4 < Cr04 

< P2O7 < NO2 < F < BF4 <B03 < B4O7 < Fe(CN)6"' < salicy¬ 
late < HSeOs < IO3 < S2O8 S2O7 < Te04 < SbS4 < OSO4 < IO4 

< Cr207 < TcOs. The OH ion has been shown to be more toxic 
than any of the anions just listed. 

Although the foregoing discussion applies quite generally to all 
bacteria, it must be kept in mind that different bacteria vary in sus- 
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ceptibility to the same salt. For example, Eisenberg (1918) found 
that Bacillus arUhracis possessed more than average resistance to 
fluorides, iodates, oxalates, citrates, chlorates, bromates, cadmium, 
zinc, and copper; Corynebacterium diphtheriae showed a high resistance 
to tellurites, tellurates, nickel, and copper; and Vibrio comma exhibited 
above-average resistance to chlorates, perchlorates, molybdates, and 
pyrophosphates. 

These general results apply only to the presence of one salt in the 
solution. When the effect of solutions containing more than one salt 
is studied, certain other factors must be considered. Of these, '4onic 
antagonism” has received the greatest attention by students of animal 
and plant physiology. The classic papers by Ringer in 1880 and 1883 
mark the beginning of rational physiological study of the specific in¬ 
fluences of inorganic ions. He observed that a solution of NaCI in 
distilled water did not maintain the beat of a heart which was per¬ 
fused with it, but that its inadequacy could be remedied by the appro¬ 
priate addition of calcium or potassium chlorides. As a result of this 
early work physiologically balanced solutions now known as Ringer\s 
solution, Ringer-Locke solution, and Tyrode solution have been de¬ 
veloped. In these solutions the essential ions are provided, and the 
concurrent toxic or deleterious effects of necessary ions are removed by 
the addition of other ions. The application of the conception of physio¬ 
logical antagonism of ions was first applied to the study of bacteria by 
Flexner (1907) and more or less simultaneously by Lipman (1909) and 
Eisler (1909). Flexner, for example, demonstrated that a solution of 
NaCl was directly toxic to the meningococcus, but that the toxic 
effects could be neutralized with calcium or potassium salts, and that 
Ringer^s solution was favorable for the maintenance of viability. 
Eisler studied the action of NaCl, KCl, K 2 SO 4 , LiCl, MgCl 2 , MgS 04 , 
CaCl 2 , and BaCl 2 on vibrios, staphylococci, and Bacillus subiilis. 
The toxic action of LiCl on B. subiilis could be neutralized by the 
addition of a divalent, but not of a monovalent, salt. He was able 
to inhibit the toxicity of certain divalent salts by both mono- and 
divalent cations, although with others, such as HgCl 2 , he could not 
inhibit or antagonize the toxic action. The extensive studies by Wins¬ 
low, Falk, and their associates [see reviews by Falk (1923), Winslow 
and Dolloff (1928), and Winslow and Haywood (1931)] of this subject 
have done much to clarify the situation. In their early papers they 
demonstrated that the mere addition of a divalent salt to a toxic 
monovalent salt was not sufficient to render the solution favorable for 
bacteria; instead the two salts must be present in definite proportions. 
For example, a solution containing 0.145 MCaCla + 0.290 A/NaCl 
was highly toxic to Escherichia coli, whereas a solution of 0.145 M 



CATIONS AND ANIONS 


257 


UaCl 2 + 0.680 M NaCl was found to be nontoxic. In their more 
recent studies Winslow, Falk, and their associates have brought forward 
evidence to show that salts exert a highly characteristic effect upon 
bacterial viability and that there may be some fallacy in the interpre¬ 
tation of the antagonistic effect of salts. They observed that salts in 
certain low concentrations stimulated the growth of organisms; in 
higher concentrations there was a series of ‘^cross-over concentrations, 
and with further increase in concentration bactericidal action took 
place. The molal concentrations for nine salts are given in Table 15, 
where the effects are readily comparable. For the most part these 
results check fairly well with those obtained in earlier studies. Winslow 
and Dolloff explain the apparent antagonistic eiffects of monovalent 
and divalent salts to the production in the suspension of a more favor¬ 
able ionic concentration for the survival of bacteria, rather than to a 
qualitative antagonism between the tw'o cations. 

The interesting study by Guest and Salle (1942) may also be men¬ 
tioned here. They have shown that certain inorganic metallic salts 
which are not germicidal or arc only slightly so may exhibit a pro¬ 
nounced killing effect when mixed in certain combinations (FeCl 2 + 
FeCla, SnCl 2 + SnCU, etc.), and proportions which produce an oxida¬ 
tion-reduction system. The phenomenon appears to be a function of 
the metallic ion. 


TABLE 15 

Molal. Concentrations of Various Salts Producing Certain Effects upon 
THE Viability of Escherichia coli 

(From Winslow and Haywood (1931)] 



Zone of Increasing 

Zone of Decreasing 

Cross-over 

Zone of 

Salt 

Stimulation 

Stimulation Concentration 

Toxicity 

NaCl 

0.009-0.08 

0.09-0.17 

0.28 

0.36-0.44 

KCl 

0.009-0.05 

0.05-0.08 

0.29 

0.56-0.68 

LiCl 

0.01-0.02 

0.03-0.04 

0.06 

0.07-0.10 

BaCh 

0.001-0.01 

0.04-0.05 

0.06 

0.08-0.13 

MgCh 

0.002-0.008 

0.008-0.01 

0.02 

0.07 

CaCl2 

0.0003-0.008 

0.01-0.02 

0.02 

0.04-0.07 

MnCh 

0.00006-0.0002 

0.0003 

0.0004 

0.0006-0.00( 

ZnCh 

CdCl2 

0.00002-0.00008 

0.000008-0.00002 

0.0001-0.0003 

0.0003 

0.0001 

0.0004r4).00( 


Mechanism of Salt Action. So much has been written about the 
action of salts on bacteria and so many theories have been proposed to 
account for the physiological action of ions that it is almost impossible 
to review the subject briefly. Several workers believe that ions operate 
upon the cell by combining with it; others are of the opinion that they 
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operate without combination but at a distance through radio or other 
activity. Some investigators have suggested highly specific mecha¬ 
nisms whereby the ions unite with components of protoplasm essential 
to metabolism. Such unions affect the cell because the new compounds 
cannot operate in the normal protoplasmic economy or because they 
operate more actively or less actively or in some other abnormal fashion. 
Unions of protoplasmic components with ions, according to some 
workers, are purely chemical; according to others, they are physical or 
physico-chemical. Some authors tell us that the ions combine with 
proteins; others, with lipoids, electrolytes, enzymes, fluids, etc., in 
the cell. Such combinations affect the celFs food or its catalysts or its 
permeability to solids or liquids or to solutes or colloids in the environ¬ 
ment. In reviewing this entire subject Falk (1923) stated: 

. . . the development of our understanding of the role which electrolytes 
play in the economy of metabolizing protoplasm lies in the advancement of 
colloid chemistry and in the application of these advances to the problem of 
physiology. If we list certain outstanding phenomena of electrolyte action 
upon colloidal substances, i.e.: 

1. coagulative powers as determined experimentally by precipitation; 

2. electrokinetic effects and the phenomena of the isoelectric point; 

3. parallel action of electrolytes in electro-endosmose phenomena; 

4. inhibition of Brownian movement; 

5. effects upon physical properties (color, viscosity, etc.); 

6. absorption and adsorption of electrolytes upon colloidal coagula; 

7. mutual precipitation of charged colloids; 

8. mutual and single protective (stabilizing) action of charged colloids; 
we have also listed the outstanding indications towards the line of elucidation 
of the physiological phenomena in which electrolytes function. This may, at 
first thought, appear too sanguine. But we are persuaded that the effects of 
electrolytes on living things are, in the main, the resultants of their effects up¬ 
on colloids of protoplasm, and in an understanding of the latter lies the eluci¬ 
dation of the former. 

For many interesting data on the adsorption of cations by bacteria 
see the paper by McCalla (1940). Future studies of this nature will 
probably give us the explanation of the mechanism of salt action. 
Tarr (1941) has also discussed several possible ways in which sodium 
nitrite exhibits a bacteriostatic action against various bacteria. 

The “Oligodynamic Action” of Elements on Bacteria. In 1893 
Carl von Nageli reported the action of various quantities of metallic 
salts on different kinds of fresh water algae. He found, for instance, 
that Spirogyra was killed almost at once if metals or metallic salts were 
present in a high enough concentration. Very little change in cell 
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morphology took place during the killing process. When an extremely 
weak concentration was employed, however, certain definite morpho¬ 
logical changes occurred in the cell before its death. Von Nagell de¬ 
scribed these alterations in some detail and assigned the name “oligo¬ 
dynamic action” to the phenomenon. As this term is now used, little 
attention is given to the morphological changes; instead it is used to 
designate the zone of inhibition which results when a bright piece of 
metal is placed on the surface of a fresh agar plate uniformly inoculated 
with a young bacterial culture. 

Since von Nageli^s early work the literature on this subject has grown 
very large, and no attempt will be made to discuss it here. One exam¬ 
ple, a study by Seuderling (1933), will be sufficient to explain the 
phenomenon. He employed forty different microorganisms in his tests, 
including Staphylococcus aureus, Bruxtella abortus, Eberthella typhosa, 
Escherichia coli, Pseudomonas aeruginosa, Vibrio comma, Bacillus sub- 
tilis, and Mycobacterium phleL The following elements of Group I of 
the periodic system were used: copper, silver, and gold. Group II was 
represented by cadmium and mercury. Elements belonging to Groups 
III and IV were not used, because previous tests had shown that tin 
and lead have but little effect, and thallium dissolves rapidly in culture 
media. From Group V were chosen arsenic, antimony, and bismuth. 
Tellurium alone was selected from Group VI, as selenium had proved 
itself inactive. Group VII was omitted entirely. In Group VIII 
cobalt alone proved oligodynamic; a few tests with iron, nickel, palla¬ 
dium, and platinum showed them to be inactive. The total number of 
elements used was ten: copper, silver, gold, cadmium, mercury, arsenic, 
antimony, bismuth, tellurium, and cobalt. The technique of the test 
consisted briefly of spreading the various bacterial cultures uniformly 
over the surface of agar media and then aseptically placing the clean 
bright elements on the surface of the inoculated plates. Petri dishes 
prepared in this way were incubated in a temperature optimum for each 
microorganism. The cultures were allowed to multiply, and the results 
were recorded on the following day or later, depending on the time 
taken by the bacteria to develop. Those elements exhibiting the phe¬ 
nomenon of oligodynamics wem accompanied by a so-called “halo,” 
or bacterial-free zone, around the metal. The width of the zone was 
measured and the appearance of the border line recorded as either 
sharp or diffuse. Daily transfers, covering a period of 14 days, were 
taken from this region devoid of visible growth and transplanted into 
fresh media to determine the presence or absence of viable cells. From 
his extensive experiments Seuderling was able to draw the following 
conclusions: 
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1. Previous statements of several scientists to the effect that bacteria 
in the region nearest the element, the so-called bacterial-free zone, 
were actually dead do not hold good. To substantiate this assertion 
Seuderling demonstrated that the region contained bacteria which 
were unable to divide because of the deleterious effect of the elements 
but were able, for a considerable period, to initiate growth when trans¬ 
ferred to fresh culture media. 

2. A relationship seems to exist between the size of the bacterial-free 
zone and the length of time it takes for the bacteria to die. A larger 
bacterial-free region usually means a quicker destruction of bacteria. 
Of the elements studied cadmium, mercury, arsenic, and antimony 
were very active, as were copper and tellurium in a considerable number 
of cases. On the other hand, gold and bismuth showed themselves to 
be exceedingly weak in this respect, silver and cobalt being slightly 
more effective. 

3. The oligodynamic action of the elements was decreased to a vary¬ 
ing extent by the presence of agar, which served as a protective colloid. 

4. The effect of the different elements depends chiefly upon their 
spreading in the culture media. With the exception of gold all the ele¬ 
ments used could be shown to exist in the culture media; the existence 
of copper and cobalt was proved by X-rays. 

5. The mycobacteria were the easiest to affect, and they also showed 
a larger bacterial-free zone than the others. Quite similar results were 
obtained with the other species tested. In general, death of bacteria 
was preceded by a weakening and diminishing of colonies. Bacteria 
which formed pigment lost this property on continued exposure to the 
various active elements. 

Several theories have been advanced to explain the phenomenon of 
oligodynamics. According to Saxl (1924), for example, such character¬ 
istics of metals are nothing but a peculiar form of bactericidal power 
which cannot be explained in a purely chemical way but which may 
possibly be due to a physical phenomenon taking place on the surface 
of metals and may be transferred to other substances, including media. 
He believes it should be regarded as a far-reaching force originating 
possibly from the air and still unknown in its nature. He fails, however, 
to give a satisfactory explanation of oligodynamics. Most scientists 
embrace the theory of the dissolution of metals. Considerable proof 
for this viewpoint is given in the work of Seuderling, since he was able 
to demonstrate the presence of the metals in the media by careful 
X-ray analyses. 

In recent years attempts have been made to apply the oligodynamic 
action of metals to water purification, especially by using a special 
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form of silver known as katadyn silver. The cost of purification by 
this method is rather high, even though it is claimed that the katadyn 
silver will retain its efficiency for 5 years or longer. 

ACIDS AND ALKALIES 

The disinfectant action of highly dissociated mineral acids, such as 
hydrochloric and sulfuric, depends upon the number of free hydrogen 
ions present per unit volume and not upon their normal strength. 
However, the weak organic acids such as acetic and benzoic, tend to 
exert a more toxic effect than would be indicated by their degree of dis¬ 
sociation. Here the effect appears to be due in most cases to the Avhole 
molecule and is specific for each acid. For example, acetic acid has 
only 10 to 20 per cent the toxicity of benzoic. These points are more 
clearly shown in the data (see Table 16) taken from the experiments of 
Winslow and Lochridge (1906). The hydrogen-ion concentration 
necessary to bring about a destnictive action varies considerably from 
organism to organism. As was shown by Winslow and Lochridge, water 
containing 12.80 parts per million (p.p.m.) of dissociated hydrogen 
sterilized a culture of Escherichia coli in 40 minutes, w^hereas only 
4.85 p.p.m. of dissociated hydrogen was necessary to produce the same 
effect* in a suspension of Eberthella typhxysa. Cowles (1941) has observed 
that up to a pH of about 2.6 (0.0025 N) the H ion, as furnished by 
HCl, is highly germicidal, but above pH 2.6 this ion loses its bacteri¬ 
cidal power very rapidly. 

TABLE 16 

Percentage Reduction of Escherichia coli in 40 Minutes by Mineral and 
Organic Acids in Tap Water 

[From Winslow and Lochridge (1906)] 


99 Per Cent Reduction 100 Per Cent Reduction 



HCl 

H2SO4 

CH3COOH 

CsHiCOOH 

HCl 

H2SO4 

CH3COOH 

CsHfcCOOH 

Normality 

0.0077 

0.0096 

0.0812 

0.0097 

0.0123 

0.0166 

0.0935 

0.0199 

Per cent dissociation 97 

80 

1.50 

7 5 

96.4 

76 

1.36 

5.4 

Parts per million dis¬ 
sociated hydrogen 

7.49 

7.68 

1.21 

0.73 

12.80 

12.60 

1.26 

1.07 


Although strong solutions of mineral acids are quite destructive to 
most forms of life, it is of interest to note that certain microorganisms 
possess remarkable tolerance to acidity. For example, the sulfur- 
oxidizing bacterium Thiobacillus thiooxidans will grow well at reactions 
of pH 1.0 or below, and the nitrogen-fixing bacterium Azotobacter 
indicurn will grow and fix nitrogen in media with a pH as low as 3.0. 
Probably the most acid-tolerant microorganisms known, however, are 
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two fungi {Acoriimm velatum and a dark-green organism belonging to 
the Dematiaceae) which have been studied by Starkey and Waksman 
(1943). Both these fungi grow in synthetic media of pH 0.1 to 1.0, 
and the green fungus even develops at pH 0.0. 

McCalla (1941) is of the opinion that H ion is toxic or impairs the 
growth of the bacterial cell, not because of any direct lethal effect but 
by holding the adsorption position and preventing the combination of 
nutritive ions with the cell. This is a logical assumption, but other 
factors may also be involved. 

The germicidal action of organic acids has been studied by several 
workers; the most complete investigations have been carried out by 
Reid (1932), Levine and Fellers (1940), Nunheimer and Fabian (1940), 
Cowles (1940), p]rickson and Fabian (1942), Shillinglaw and Levine 
(1943), and Rahn and Conn (1944). Reid found that in a given series 

TABLE 17 

BACTERICmAL ACTION OF ORGANIC AciDS AGAINST VARIOUS BaCTERIA IN 

15 Minutes at 20°C. 

[From Reid (1932)] 


Bactericidal Dilutions, Normality 


Pseudomoncis 

Eberihella 

Escherichia 

Staphylococcus 

Acids 

aeruginosa 

typhosa 

coli 

aureus 

Monobasic 

Acetic 

0.33 

0.5 

0.66 

1.5 

Propionic 

0.25 

0.25 

0.5 

1.0 

Butyric 

0.12 

0.125 

0.2 

0.33 

Valeric 

0.05 

0.05 

0.07 

0.07 

Hydroxy monobasic 

Glycolic 

0.02 

0.06 

0.166 

0.5 

Lactic 

0.03 

0.07 

0.25 

0.083 

Dibasic 

Oxalic 

0.003 

0.011 

0.02 

0.055 

Malonic 

0.008 

0.03 

0.038 

0.2 

Succinic 

0.2 

0.33 

0.5 

1.0+ 

Tribasic 

Aconitic 

0.016 

0.02 

0.1 

0.1 

Citric 

0.055 

1.5 

2.5 

3.0 


of monobasic acids the bactericidal action increased with molecular 
weight and that the introduction of hydroxyl groups into these acids was 
found to render them from two to twelve times more effective. He also 
observed that with the organic acids the undissociated molecule plays 
a major role. In dibasic acids, however, the activity was found to be 
proportional to the dissociation, and the bactericidal activity decreased 
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as the series ascended. Of the two tribasic acids tested, aconitic was 
three to thirty-six times more toxic than citric for bacteria. Some of 
Reid^s data are given in Table 17. The ability of these organic acids to 
inhibit the growth of Pseudomonas aeruginosa in peptone broth was also 
studied by Reid. The activity of the monobasic series was almost com¬ 
pletely reversed from the bactericidal dilutions. Thus acetic and pro¬ 
pionic, both of which were comparatively weak when tested in bacteri¬ 
cidal dilutions, exerted a much stronger inhibitory action than did bu¬ 
tyric and valeric (Table 18). The hydroxy acids of acetic and propionic 

TABLE 18 

Comparative Bactericidal and Inhibitory Dilutions of Organic Acids for 
Pseudomonas aeruginosa^ with pH Values 

[From lleid (1932)] 

Bactericidal Dilutions Inhibitory Dilutions 


Acids 

Normality 

pH 

Normality 

pH 

Monobasic 

Acetic 

0.33 

2.7 

0.004 

5.11 

Propionic 

0.25 

2.8 

0.004 

5.18 

Butyric 

0.12 

2.9 

0.005 

5.07 

Valeric 

0.05 

3.1 

0.006 

5.03 

Hydroxy monobasic 

Glycolic 

0.02 

2.7 

0.006 

4.60 

Lactic 

0.03 

2.7 

0.007 

4.65 

Dibasic 

Oxalic 

0.003 

2.9 

0.006 

4.52 

Malonic 

0.008 

2.8 

0.01 

4.5 

Succinic 

0.2 

2.65 

0.012 

4.56 

Tribasic 

Aconitic 

0.016 

2.35 

0.011 

4.36 

Citric 

0.055 

2.5 

0.012 

4.43 


showed an increase in bactericidal power over the normal acids but 
exhibited a weakened inhibitory action. An analysis of the bactericidal 
and inhibitory action of the other acids tested is shown in Table 18. 
Since organic acids alter the surface tension of solutions, Reid believes 
that this may be a factor in determining their toxicity. Cowles (1941) 
has studied the germicidal action of the lower fatty acids (acetic, 
propionic, butyric, valeric, caproic, and caprylic) against Staphylo¬ 
coccus aureus and Escherichia coli. He came to the conclusion that the 
germicidal action of the unbuffered fatty acids for the colon bacillus 
was due almost entirely to the un-ionized fractions of the acids, whereas 
for the staphylococcus the action of the lower acids was due to a sum- 
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mation of the H ion and the undissociated molecules, but in the higher 
members of the series the germicidal action was due to the un-ionized 
acid. 

Nunheimer and Fabian (1940) and Erickson and Fabian (1942) 
studied the influence of several organic acids upon food-poisoning 
staphylococci and other bacteria, as well as yeast. The decreasing 
order of germicidal action of the acids for staphylococci was found to be: 
acetic > citric > lactic > malic > tartaric; whereas the order of 
effectiveness for yeast was as follows: acetic > lactic > citric. Shilling- 
law and Levine (1943) found from survivor curves for E. colt suspended 
in water and in 0.02 N edible acids at 30°C. (86°F.) that the bacteria 
died considerably faster in all the acid solutions than in water and that 
the order of effectiveness of the acids was tartaric > glycolic > phos¬ 
phoric > lactic > acetic > citric. The order of effectiveness of these 
acids was different at 0.6®C.(33°F.), being phosphoric = lactic > tar¬ 
taric > citric. Rahn and Conn (1944) have demonstrated that ben¬ 
zoic and salicylic acids are nearly 100 times as efficient antLscptics 
in strongly acid solutions (pH 3.6) as they are in more neutral solutions 
(pH 6.5). In both these acids only the undissociated molecules appear 
to be antiseptics. 

The effect of chlorine, fluorine, and other substituents on the bac¬ 
teriostatic and fungistatic properties of acetic, propionic, benzoic, 
cinnamic, mandelic, and phenylacetic acids has been studied by Hoff¬ 
man, Schweitzer, and Dalby (1940), Feasley, Gwynn, Degering, and 
Tetrault (1941), and Hager and Grubb (1942). In general, the deriva¬ 
tives are no better antiseptics than the normal acids; in some cases they 
are even less active. 

Several studies have been carried out on the germicidal properties of 
carbon dioxide [see, for example, Shillinglaw and Levine (1943)]. In 
low concentrations carbon dioxide is hardly germicidal; in fact, certain 
organisms are apparently unable to grow in its absence, but in higher 
concentrations it may be used to some advantage as an antiseptic 
or preservative. The disinfectant action of carbon dioxide is thought 
to be due principally to the increased hydrogen-ion concentration pro¬ 
duced in the medium, but in high concentrations it does have some 
direct toxicity for bacterial protoplstsm. With respect to the hydrogen- 
ion concentration it is known that, when neutral water is saturated 
with carbon dioxide, it has a pH of about 3.8, and carbon dioxide 
pressure reduces the acidity of poorly buffered solutions to a point 
where many microorganisms are inhibited from growing or are killed. 

Tannic acid is not germicidal at low concentrations (1 to 5 per cent) 
but is active against several organisms when the concentration is in¬ 
creased to 10 to 20 per cent [Martin and Fowler (1934)]. Other acids, 
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especially benzoic, mandelic, salicylic, boric, formic, and sulfurous, have 
been studied as disinfectants and antiseptics, but for the most part their 
action is rather weak. 

As a rule, the disinfectant action of alkalies is dependent upon the 
degree of dissociation and, therefore, their concentration of OH ions. 
This point has been observed by several workers and was especially 
well demonstrated by Kronig and Paul (1897) in their extensive studies 
on disinfection. Of the alkalies tested (Table 19) they found potassium 
hydroxide to be the most active bactericide and likewise the most 
highly dissociated. On the other hand, ammonium hydroxide was 
very weakly germicidal and only slightly dissociated. Some hydroxides, 
such as barium hydroxide, are more active disinfectants than their 
degree of dissociation would indicate. In such cases the metallic cation 
exerts a direct toxic action on the bacteria themselves. 

TABLE 19 

The Effect of Dissociation on the Disinfection of Anthrax Spores by 

Alkalies 

[From Kronig and Paul (1897)) 


1 M Per Cent Number of Spores Surviving after 


Solutions 

Dissociation 

3.3 hours 

8.25 hours 

18 hours 

33.25 hours 

KOH 

77 

585 

31 

0 

0 

NaOII 

72 

619 

33 

0 

0 

LiOH 

64 

778 

44 

0 

0 

NH 4 OH 

0.4 

00 

00 

00 

3,500 


Factors Influencing the Germicidal Efficiency of Alkalies. In 

addition to the degree of dissociation of alkalies several other factors 
influence their germicidal efficiency, such as the period of exposure, the 
temperature, the composition and concentration of the alkali solution, 
the number, age, and type of test organism, and the presence of organic 
matter and salts. These factors will be only briefly mentioned here, 
since they have been discussed at some length by Levine and Buchanan 
(1928), Tilley and Schaffer (1931), Watkins and Winslow (1932), and 
Hobbs and Wilson (1942). 

1. Effect of Time and Temperature of Exposure. The results 
of numerous experiments with various concentrations of alkalies at 
different temperatures have invariably shown an increase in the death 
rate of bacteria with progressive periods of exposure. This fact may be 
further illustrated by data (Table 20) from the paper by Levine (1938), 
who calculated the time necessary to sterilize milk bottles with sodium 
hydroxide solutions of different concentrations. It will be seen that 
the time required to complete the process decreased as either the con¬ 
centration or the temperature was increased. 
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TABLE 20 

KiiiLiNG Times for Designated Temperatures and Concentrations of 

Sodium Hydroxide 

[From Levine (1938)1 

Per Cent NaOH 



1.0 

1.5 

2.0 

2.5 

3.0 

Temperature, 



Time to Kill, 



°F. 



minutes 



no 

432.0 

209.0 

125.0 

83.8 

60.4 

120 

210.0 

102.0 

60.8 

40.7 

29.4 

130 

103.0 

49.5 

29.6 

19.8 

14.3 

140 

49.8 

24.1 

14.4 

9.7 

7.0 

150 

24.2 

11.7 

7.0 

4.7 

3.4 

160 

11.8 

5.7 

3.4 

2.3 

1.6 

170 

5.7 

2.8 

1.7 

1.1 

0.8 

280 

2.8 

1.3 

0.8 

0.5 

0.4 



MINUTCS MINUTCS 

Fio. 8. Survivorship Curves of Different Concentrations of Escherichia coli in 
0.01 N NaOH at 30° C. (culture age, 14 hours). (From Watkins and Winslow, 

1932.) 

2. Effect of Number, Age, and Type of Organisms. The effect 
of initial cell concentration upon the rate of mortality of bacteria when 
exposed to an unfavorable environment has been noted or implied by 
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many workers. This point is well illustrated in Fig. 8, which presents 
the results of four series of experiments in which cultures of uniform 
age were used for the inoculum and 0.01 N NaOH at 30®C. as the disin¬ 
fectant agent. In each set of experiments four different concentrations 
of bacteria were used for the initial inoculum. It will be noted that 
the slope of the survivorship curve tends to become more abrupt with 
smaller and smaller initial numbers. 



MINUTC& MINUTC9 

17 HOURS . II HOURS 

— 14 ” .. 6 

Fig. 9. Survivorship Curves of Escherichia coli from Cultures of Varying Ages in 
0.01 N NaOH at 30® C. (From Watkins and Winslow, 1932.) 

The age of the test culture used in alkali disinfection experiments is 
another factor which must be given some consideration, if uniform 
results are to be obtained. This factor was carefully studied by Wat¬ 
kins and Winslow (1932), who conducted a special series of sixteen 
experiments to determine the role played by the age of the culture. 
In all the experiments the original inoculum was varied between 123 
million and 230 million bacteria per milliliter, and the toxic agent was 
0.01 N NaOH at 30®C. Only the age of the original source culture was 
varied, it being 8, 11, 14, and 17 hours, respectively. Figure 9 show9 
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that differences in culture age of even as little as 3 hours exert a clear 
and definite influence upon cell resistance. 

Different bacterial species vary considerably in their resistance to 
the action of alkalies. The vegetative cells of most bacteria are killed 
within 10 minutes in a 1 per cent solution of sodium or potassium hy¬ 
droxide, the Gram-negative bacteria being more susceptible than the 
Gram-positive. Tubercle bacilli are more resistant than other vegeta¬ 
tive forms to the action of alkalies, and use is made of this property to 
free them from sputum and other organic materials contaminated 
with various bacteria. Bacterial spores, however, are more resistant 
than any of the vegetative cells. 

3. Effect of Organic Matter and Salts. It has been previously 
mentioned that organic matter influences the action of all disinfectants. 
The extent of this effect depends upon both the type of organic matter 
and the particular disinfectant. However, as a general rule, the pres¬ 
ence of such material in a germicidal solution lowers its efficiency. 

The effect of salts on alkali disinfection has been extensively studied 
by Levine, Buchanan, and Toulouse (1927), Levine, Peterson, and 
Buchanan (1927, 1928), Lowman, Buchanan, and Levine (1931), and 
others. All these workers have observed that the germicidal efficiency 
of strong alkalies, especially sodium hydroxide, is increased by the 
addition of weak alkalies, as well as by the addition of neutral and 

TABLE 21 

Effect of Concentration of Added Salts on the Germicidal Efficiency of 
Sodium Hydroxide at 60 ®C. 

[From Levine, Buchanan, and Toulouse (1927)] 


Added 
Salt, 
per cent 

1 Per Cent NaOH with 

NaCl 

i 

1 

Na2C08 

Na 3 P 04 * 12 H 20 

! 

Killing Time, 
minutes 

0 

42.5 


42.6 

1 

30.6 


34.9 

2 

23.4 


28.1 

3 

19.9 

20.1 

24.7 
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slightly alkaline salts. The data in Table 21 and Fig. 10 serve to illus¬ 
trate this point. Both Table 21 and Fig. 10 show that the time neces¬ 
sary to kill bacteria {Bacillus metiens) by sodium hydroxide is consid¬ 
erably reduced by the addition of small amounte of different salts. 



Time in minutes 


Fig. 10. Effect of Sodium Halides on Germicidal Efficiency of NaOH at 60° C, 
(From Lowman, Buchanan, and Levine, 1931.) 


MEI ALS AND THEIR COMPOUNDS 

The toxicity of some of the metallic cations and their salts has already 
been mentioned. Therefore this discussion will be devoted primarily 
to a brief statement about the salts of heavy metals and some of the 
complex metallic compounds which arc of importance as germicides or 
antiseptics. 

Copper. The copper salts are not widely used today as bactericides, 
although they are employed somewhat as fungicides and algicides 
for the treatment of public water supplies and have been used as ster¬ 
ilizing agents for catgut sutures. Two examples will serve to illustrate 
the bactericidal properties of copper salts. DeWitt and Sherman (1916) 
reviewed the published reports on the bactericidal and fungicidal action 
of copper salts and noted many conflicting testimonies. From their own 
research, however, they concluded that copper salts were unreliable 
as general disinfectants. Nevertheless some organisms manifested a 
certain degree of specificity in their reaction to copper. Serralia mar^ 
cescens, for instance, showed little resistance, since practically all cells 
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were killed by dilutions of copper sulfate up to 1 : 10,000, and of copper 
chloride up to 1 : 100,000. Staphylococcus aureus and certain molds, 
on the other hand, were relatively resistant; 1 per cent copper as chlo¬ 
ride and 5 per cent as sulfate failed to kill every organism. Some higher 
fungi, however, have a high degree of tolerance for copper sulfate. For 
example, certain species of Torula and Penicillium will grow in 10 to 14 
per cent copper sulfate solutions, and some other species of the genera 
Penicillium and Acontium are kno\vn which develop in saturated solu¬ 
tions [see Starkey and Waksman (1943)]. 

In 1926 Bidzinski reviewed the literature on the action of copper 
salts on bacteria and determined the lowest concentration of several 
copper salts which were bactericidal for Bacillus subtilis, Bacillus 
niger, Pseudomonas aeruginosa^ and Staphylococcus aureus. Some of 
his data are summarized in Table 22, from which it will be seen that 
S. aureus is more sensitive to the various copper salts than is Ps. aerugi¬ 
nosa. Bacterial spores were found to be even more resistant. 


TABLE 22 

Molab Concentrations op Copper Salts Which Are Lethal for Bacteria 


[From Bidzinski (1926)] 


Lethal Concentration, 
grams per liter 

Pseudomonas Staphylococcus 
Copper Salt aeruginosa aureus 


Nitrate 0.3661 0.2839 

Chloride 0.3637 0.2846 

Acetate 0.3564 0.2916 

Sulfate 0.3500 0.2862 

Formate 0.3545 0.2900 

Ammoniacal chloride 0.4048 0.3076 


More recently Sprowls and Poe (1943) have studied the disinfectant 
powers of several astringent salts, using the F.D.A. method. The copper 
salts were not particularly effective against the test organisms, although 
it was observed that Eberthella typhosa was more sensitive to the copper 
salts than was S. aureus. 

Copper salts are used rather extensively as fungicides. Bordeaux 
mixture, which is used as a spray to prevent fungus infections of plants, 
is simply a mixture of lime (calcium hydroxide) and copper sulfate. 
Supposedly the copper ions present in such a mixture prevent the infec¬ 
tion of plants. A general statement cannot be made concerning the 
amount of copper which must be used in water to destroy algae. Sev- 
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eral different factors, such as species of alga to be destroyed, hardness 
of water, and temperature, are involved. In regard to the species, 
for example, the amounts necessary to kill vary from 1 part of copper 
sulfate in 10,000 for members of the genera BeggicUoa, Pandorina, and 
Endorina to 1 in 20,000,000 for Uroglena and 1 in 25,000,000 for species 
of Spirogyra. 

The mode of action of copper salts upon bacteria has been reported 
as a coagulation of the bacterial colloids [Vignati and Schnabel (1928)]. 
The process, however, seems to be a reversible reaction, because under 
certain conditions the copper-bacterium complex can be separated, 
leaving the bacteria again free to carry on their life processes. Thus it 
is quite probable that copper salts exhibit their action in a manner 
similar to that of mercury, that is, by interfering with some essential 
cellular metabolite or growth factor. 

Silver. Of the various simple silver salts, silver nitrate is the 
most commonly employed as an antiseptic or a germicide. Its main 
disadvantages are that it is irritating, astringent, and corrosive. 
The presence of chlorides and organic compounds greatly reduces its 

TABLE 23 

The Grouping op Silver Compounds According to Their Inhibitory 
Activity for Yeast in Aqueous Solutions 

[From Pilcher and Sollmann (1924)] 


Group 

I. Inorganic salt 

Important 

Members 

Silver nitrate 

Inhibiting 

Quantity, 

milligrams 

0.25 

Inhibiting 

Concentration 

1 : 40,000 

II. Strong silver-protein 
preparation 

Silver nucleinate 
Sophol 

Albargin 

0.85-1.2 

1 : 13,300-1 : 8,333 

HI. Silver protein 

Protargol 

Proganol 
Protargentum 
Silver proteinate 

2.0-3.0 
(mean 2.2) 

1 : 5,000-1 : 3,300 

IV. Stabilized silver pro¬ 
tein 

Collargol 

10-11 

1 : 1,000-1 : 900 

V. Mild silver-protein 
preparation 

Vargol 

Argyn 

Cargentos 

Argyrol 

11-150 
(mean 38) 

1 : 900-1 : 67 

VI. G>lioidal silver iodide 

Neosilvol 

1,000 

1 :10 
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efiBiciency, since insoluble precipitates are formed. A silver nitrate 
solution of 1 : 10,000 will inhibit the growth of most bacteria. It 
seems to have a somewhat selective action upon gonococci and is 
therefore instilled routinely in a 1 per cent solution into the eyes of 
newborn children as a prophylactic against gonococcal infection. Silver 
nitrate and the salts of other heavy metals in 0.05 to 0.5 N solutions will 
also inactivate purified influenza virus [Knight and Stanley (1944)]. 

Often ammoniacal silver nitrate [Ag(NH 3 ) 2 N 03 ], silver citrate 
[AgsCeHfiOr], silver lactate [AgC 3 H 503 *H 20 ], and liumerous protein- 
sUver and colloidal silver preparations are used as antiseptics. The 
organic and colloidal silver preparations are less antiseptic than silver 
nitrate, but for the most part they are noncorrosive, relatively non¬ 
astringent, and much less irritating. Pilcher and Sollmann (1924) have 
grouped these compounds according to their dissociation into silver 
ions and inert material and according to their antiseptic powers against 
yeast (Table 23). Blood, other proteins, and sodium chloride interfere 
with the antiseptic action of silver compounds. 

Gold. Considerable work has been done on the therapeutic use of 
simple gold salts and complex organic gold compounds in the treatment 
of tuberculosis and leprosy. Opinions are still divided concerning the 
value of gold therapy in these diseases. In primary acute cases gold 
salts usually fail to produce any effect whatever, and in chronic pul¬ 
monary tuberculosis they fail to prevent recurrent relapses. Since ob¬ 
servations have shown that the growth of tubercle bacilli in vitro is 
not inhibited by fairly large concentrations of Sanocrysin, the double 
thiosulfate of gold and sodium [(AuS 203 Na)Na 2 S 203 - 21120 ], the 
action of gold salts has been attributed to a stimulation of the defense 
mechanism of the body. Russu and Sichet (1937), for instance, have 
shown that under the influence of Sanocrysin the phagocytic activity 
of the reticulo-endothelial cells is greatly increased. It is claimed that 
gold in the form of Solganal-B has a definite therapeutic effect in leprosy 
cases. SuflSciently careful work has not been carried out on the disin¬ 
fecting powers of gold salts to make a general statement concerning 
their to^dcity or their mode of action. However, as we pointed out 
on p. 252 on cations and anions, the gold salts show considerable toxicity 
for bacteria. They may act in a manner similar to that of mercury. 

Mercury. Simple mercury salts, especially mercuric chloride 
[HgCb], mercury oxycyanide [Hg(CN) 2 -HgO], and potassium mer¬ 
curic iodide [K 2 Hgl 4 ], are frequently used as disinfectants. The use 
of such compounds is limited, however, because of their toxicity to 
man and animals, their corrosive action on metals, and their tendency 
to form precipitates with nitrogenous organic matter. A 1 : 1,000 
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solution of bichloride of mercury is generally used as a practical disin¬ 
fectant, but it may take many hours to destroy resistant spores, if it 
does so at all. Reports in the literature state, however, that most 
spores are killed in 1 to 2 hours by a 1 : 500 solution. This statement 
should be accepted with some reservations until more work has been 
carried out. A dilution as high as 1 : 50,000 kills some bacteria, and a 
1 : 100,000 solution may be inhibitory for certain species. 

The Mode of Action op Mercury. The earlier literature stated 
that the germicidal efficiency of the simple mercury salts depended 
upon the concentration of mercury ions in solution and their affinity for 
the proteins which are present. Since such salts as mercuric chloride, 
iodide, and nitrate are not highly ionized in solution, their mode of 
action would thus resemble that of certain nonelectrolytes. We now 
know more about the mode of action of mercury, and therefore the 
above statement can be doubted to some extent. Fildes (1940) has 
clearly demonstrated that the antibacterial action of mercury can best 
be explained on the basis that it interferes with some essential cellular 
metabolite, such as certain R-SH compounds. Experimental data in 
support of this view were presented by Fildes, who came to the follow¬ 
ing conclusions. 

The antibacterial action of Hg is specifically neutralized by —SH 
compounds, and the reaction is reversible. In glutathione the neutral¬ 
ization takes place approximately in the proportions 1 mol. Hg per 2 
mol. —SH, and the formed product is devoid of —SH. If the concen¬ 
tration of —SH in glutathione is about four times that of Hg, growth 
will occur, whereas in thiolacetic acid 25 times the concentration of 
—SH is nece&sary before growth will take place. Mercury combines 
with —SH groups in the cell to form a similar complex and thus de¬ 
prives the cell of —SH groups, which are essential for its metabolism. 
Within limits the action of Hg is merely the inactivation of the —SH 
group without other demonstrable injury to the cell. 

Organic Mercurials. In the past several years a great many 
organic mercurial compounds have been synthesized and tested for 
their germicidal action both in septicemia and on localized bacterial 
lesions. The organic mercurials are less irritating and less toxic than 
some of the older mercury preparations. Some of these compounds 
have exceedingly high phenol coefficients, being a thousand or so times 
as potent as phenol. They show varying results in the presence of 
organic matter [Rose and Miller (1940)]. The most important of these 
compounds are Mercurochrome, Metaphen, Merthiolate, Fumerane, 
phenylmercuric nitrate, Mercarbolide, Mercresin, Mertoxol, and Mer- 
oxyl. Although certain of these compounds give relatively high phenol 
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coefficients, they cannot be relied upon as disinfectants when spores are 
present. Because of their bacteriostatic properties, however, they are 
of value as first-aid prophylactic antiseptics and as preservatives for 
certain biologicals for parenteral use. Claims for their ability to pene¬ 
trate deeply into living tissues and to act as efficient chemotherapeutic 
agents have yet to be adequately supported. 

Mercurochrome. This compound was first prepared in 1919 and 
is chemically known as disodium dibromohydroxymercurifluorescein 
(C 2 oH 705 Br 2 HgOHNa 2 ). It has been used extensively as a skin dis¬ 
infectant and an antidote in cases of septicemia. Unfortunately, as 
has been pointed out recently by Birkhaug (1933), Salle and Lazarus 
(1935), Brewer (1939), and others, it has failed to fulfill the hopes which 
were at first entertained of it as a germicide and antiseptic. Some of 
Birkhaug’s results are indicated in Table 24, where it will be noted that 
the phenol coefficients obtained for Mercurochrome are very low in com¬ 
parison to those observed for similar mercurial compounds. Using a 
sliglitly different technique to test germicidal efficiency, Salle and Laz¬ 
arus compared the highest dilutions capable of killing Staphylococcus 
aureus and inhibiting the growth of tissue cultures. Toxicity indexes ob¬ 
tained were for Metaphen 12.7, for phenol 12.9, for Merthiolate 35.3, 
and for Mercurochrome 262, the smaller the toxicity index the more 
efficient being the germicide. Recently this technique has been further 
improved by Salle, McOmie, Shechmeister, and Foord (1939). Brewer 
(1939) found that a 1 : 50 aqueous solution of Mercurochrome could 
not be depended upon to kill bacteria spores or to sterilize surgical and 
dental instruments. The germicidal efficiency of the compound is 
considerably reduced in the presence of organic matter. A medium 
more acid than pH 5.9 or more alkaline than 7.5 also reduces its 
efficacy. 

Metaphen. This mercurial is the sodium salt of 4-nitro-5-hydroxy- 
mercuri-o-cresol (C 6 H 2 • CH 3 • NO 2 • HgOH • ONa). According to Raiziss 
and Severac (1927), it is 11 times more germicidal than bichloride of 
mercury and 615 times more germicidal than Mercurochrome when 
tested against the spores of Bacillus anthracis. Quite similar results were 
obtained by Birkhaug, whose data are cited in Table 24. Brewer (1939) 
has observed that a 1 : 2,500 aqueous solution of Metaphen could not 
be relied upon to kill bacterial spores or to sterilize dental and surgical 
instruments. Like other mercurials, Metaphen loses much of its germi¬ 
cidal efficacy when it is used in the presence of proteins, such as blood 
serum [Smith, Czametzky, and Mudd (1936)]. 

Merthiolate. Chemically this compound is sodium ethyl mercuri- 
thiosalicylate (C 2 H 5 HgSC 6 H 4 COONa). It has been reported to be a 
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rather potent germicide for both vegetative forms and spores of bac¬ 
teria, but this claim is not entirely true [see Brewer (1939)]. Powell 
and Jamieson (1931) found that Eherthdla typhosa and Staphylococcus 
aureus were killed by a 1 : 3,000 solution of Merthiolate in 5 minutes. 
This would correspond to a phenol coefficient of about 30 to 40. Birk- 
haug (1933), Brewer (1939), and Salle, Shechmeister, and McOmie 
(1940) have obtained some interesting data on Merthiolate as a germi¬ 
cide. Birkhaug's results are summarized in Table 24. More recently 
Powell and Jamieson (1939) have reported on the germicidal activity 
of Sulfomerthiolaie (sodium p-ethyl mercurithiophenol sulfonate). Its 
action is very similar to Merthiolate. 

Phenylmercuric Nitrate (CeHsHgNOa). This compound was first 
prepared in 1870 but has only recently been suggested as a disinfectant 
and antiseptic by Weed and Ecker (1931, 1933), Birkhaug (1933), and 
others. Weed and Ecker found the compound to have a high phenol 
coefiicient, and similar results were observed by Birkhaug (Table 24). 
The compound is relatively nontoxic, whether given orally, intraperi- 
toneally, or subcutaneously to animals. The presence of phenylmer¬ 
curic nitrate or chloride did not alter the digestive action of trypsin and 
pepsin, the lytic action of lysozyme, the minimal skin-reaction dose of 
diphtheria toxin, or the binding power of complement, according to 
Weed and Ecker. Some fabrics are now treated with phenylmercuric 
acetate or other similar salts as a preventive against mildew. Phenyl¬ 
mercuric citrate, borate, and several related compounds have been 
prepared and tested for their germicidal activity [Klarmann (1939- 
1944)]. 

Fumerane. Chemically this antiseptic is 2-hydroxymercurifuran: 


HC CHgOH 

\ / 
o 


It gives a low toxicity index (1.2) in comparison with other mercurials 
(2.8 to 35.3), when tested by Salle’s technique. In the presence of 60 
per cent blood serum Fumerane gives a phenol coefficient of 187 with 
Staphylococcus aureus and 62 with Escherichia coli; it is bacteriostatic for 
these organisms in dilutions of 1 : 7,000,000 to 1 : 9,000,000. 

Several other organic mercurials, such as Mercarholide (o-hydroxy- 
phenyl mercury bichloride), Mercresin (a mixture of Mercarbolide and 
5 isomeric amyl o-cresols), Mertoxol (acetox 3 Tnercuri- 2 -ethylohexyl- 
ph^ol sulfonic acid), and Meroxyl (Na salt of 2 : 4-dihydroxy-3 : 5- 
hydrox^ercury benzophenone-2'-sulfonic acid), have been mar- 
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keted and used as antiseptics and germicides. Although most of these 
give relatively good phenol coefficients, they cannot be relied upon to 
kill bacterial spores [see Brewer (1939)]. More recently Heyman and 
Grubb (1940) have compared the antibacterial activity of several 
monophenyl and diphenyl mercurials. In general, they possessed a 
relatively high antibacterial action (up to 1 : 20,000) in aqueous 
medium, but were markedly affected by serum. 

Miscellaneous Metals. Several other metallic compounds have 
been found to be useful in the treatment of certain bacterial and pro¬ 
tozoan infections, but as general disinfectants they are of little or no 
significance. 

Arsenic Compounds. According to Friedberger and Joachimoglu 
(1917) and others, trivalent arsenic (arsenites) is much more toxic 
for protozoa, bacteria, and yeast cells than is pentavalent arsenic 
(arsenates). For example, Friedberger and Joachimoglu observed that 
broth containing 0.01 mg. of trivalent arsenic per milliliter killed a 
young culture of Serratia niarcescens in 2 hours, whereas the same con¬ 
centration of pentavalent arsenic had no apparent effect. Both tri¬ 
valent and pentavalent arsenic can be readily introduced into a large 
variety of organic molecules. In this nonionic condition the metal 
does not produce the ordinar}' toxic effects on man and higher animals. 
However, in the course of the oxidation and reduction and other cleav¬ 
ages which these organic molecules undergo in the body, more or less 
ionic arsenic is gradually split off, thus producing the arsenic actions 
in a delayed and generally in a milder form. These organic arsenic 
compounds, on the other hand, are quite toxic to trypanosomes, spiro¬ 
chetes, amebae, and other protozoan parasites which may gain entrance 
into the body. Such compounds seem to have little or no parasitical 
action in intro; the}" require the cooperation of the host to become 
effective. Probably the most important of these organic arsenic com¬ 
pounds are arsplienamine (Salvai-san, ^'606,Diarsenol) and its deriva¬ 
tives and neoarsphenamine. Commercial arsphenamine and neoars- 
phenamine have the following structures: 


OH on 

Arsphenamine dihydrochloride 


l^^HCHzOSONa 

OH OH 

Neoarsphenamine 


The introduction of arsphenamine was the direct outcome of the 
extensive chemotherapeutic studies carried out by Ehrlich around 1910. 
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He and his associates found that a single injection of a harmless dose 
freed animals from spirillosis and certain other protozoan infections, 
including syphilitic spirochetes. Although the use of these drugs has 
proved remarkably successful in human cases of syphilis, they have not 
fulfilled the original hope of complete cure by a single injection. 
Various in vitro tests indicate that the compounds possess little direct 
spirochetal and bactericidal action. The following figures, taken from 
the paper by Akatsu (1917), show the highest dilution of arsphena- 
mine, neoarsphenamine, and several other antiseptics which will kill 
the spirochete of syphilis: 


Mercuric chloride 

Arsphenamine 

Neoarsphenamine 

Phenol 

Formalin 

Iodine in KI (Lugors solution) 


1 : 100,000 
1 : 7,500 
1 : 2,500 
1 : 2,500 
1 :750 
1 : 75 


Although several workers have claimed that neoarsphenamine is 
directly germicidal to Bacillus anthracisy Kurotchkin and Reimann 
(1930) found it of no value in the treatment of experimentally induced 
anthrax in rabbits and mice. More recently Rosenthal, Bauer, and 
Elvove (1939) reported that certain aromatic arsenic compounds 
possess some bactericidal action, but Gagna (1939) found four com¬ 
pounds to be ineffective against Staphylococcus aureus, Escherichia 
coliy and Serratia marcescens. 

Numerous other arsenic compounds possessing amebicidal, trypano¬ 
cidal, and spirillicidal properties have been prepared and marketed as 
chemotherapeutic preparations for treating diseases caused by amebae, 
trypanosomes, and spirilla. They include such substances as Acetar- 
sone (Stovarsol, Spirozid), which is N-acetyI-4-hydroxy-m-arsanilic 
acid [HO*CH 3 -CONH-C 6 H 3 -AsO(OH) 2 ]; Aldarsone [Na-methyl- 
enesulfonaminohydroxyphenyl arsonate]; Carbarsone [p-ureidoben- 
zenearsonic acid, (OH) 20 As • C 6 H 4 • NHCONH 2 ]; Tryparsamide 
[Na-N-phenylglycineamide-p-arsonate, p-NaHOsAs • CeH 4 • NHCH • 
CONH 2 ]; and Mapharsen [2-amino-4-arsenosophenol, NH 2 *CoH 3 - 
OH'AsO]. Such compounds are not used as bactericides. 

Antimony Compounds. Some of the antimony compounds, particu¬ 
larly tartrated antimony [Tartar emetic, K(SbO)C4H406* 2 H 2 O] and 
certain salts of the antimony drug phenylstibonous acid, CeHsOSb- 
( 0 H) 2 , have been widely used in the past as chemotherapeutic agents 
for the treatment of a number of tropical diseases caused by animal 
parasites. Little or no work has been done on the effects of antimony 
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compounds on bacteria. Excessive doses of these compounds produce 
in man toxic symptoms resembling those of acute and subacute arsenic 
poisoning. 

Zinc Compounds. Several workers have shown that zinc and some 
of its simple salts are stimulatory to bacteria in low concentrations, but 
they do not seem to be entirely essential for the growth of microor¬ 
ganisms. High concentrations of such compounds may show a definite 
toxicity. In recent years some attention has been given to the use of 
zinc sulfate, oxide, and peroxide preparations in the chemotherapeutic 
treatment of several diseases and in ointments for treating local infec¬ 
tions. 

Bismuth Compounds. Such substances as Dermatol [bismuth 
subgallate, C 6 H 2 (OH) 3 *COOBi(OH) 2 ], dihydroxypropyl bismuthate 
[Wheeler (1943)], and other compounds have been manufactured and 
sold as powders or ointments to treat certain skin diseases. Little is 
known concerning their bactericidal properties, although dihydroxy¬ 
propyl bismuthate [C 3 H 5 ( 0 H) 2 Bi 03 ] works well in the treatment of 
syphilis. 

HALOGENS AND THEIR COMPOUNDS 

The free halogens, fluorine, chlorine, bromine, and iodine, and some of 
their compounds have a marked affinity for living protoplasm and are 
thus very toxic to bacteria. Such compounds may also inactivate 
certain viruses, enzymes, and related substances. Chlorine and iodine 
are probably the most widely used of all chemical disinfectants. 

Eisenberg (1918) determined the action of the halogen ions on 
twelve different bacteria and listed them in the following series, based 
on increasing toxicity: Cl < Br < I < F. More recently Hailer and 
Bockelberg (1939) have studied the action of the halogens on dried an¬ 
thrax spores and found the toxic effect to follow the order: I > Cl > Br. 
The disinfecting power of these elements and some of their compounds 
will now be discussed. 

Chlorine Compounds. Several chlorine compounds are extremely 
efficient germicides. They are used, for example, in the treatment of 
questionable water supplies,. in the purification of swimming-pool 
water, in the chlorination of sew’^age and sew age-disposal-plant effluents, 
for utensil disinfection in many food industries, in the control of slime 
formation in pulp and paper mills, and in medical practice for general 
sanitation. 

Free Chlorine. Chlorine in the form of a liquid is now widely 
used in the disinfection of water and sewage. In municipal practice an 
arbitrary residual chlorine content of 0.1 to 0.2 p.p.m. for ^ to 2 hours 
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has been considered adequate for the production of safe water. To be 
sure that the vegetative cells of Escherichia coli and Eherthella typhosa, 
the viruses, the cysts of Endameba histolytica, and certain other related 
organisms are killed in water, however, concentrations above this level 
are often employed, especially where the ^^break-point chlorination^' 
technique is used [see Costigan (1942)]. Very few studies have been 
made of the effect of chlorination on viruses which may be spread 
through water. This topic may have considerable public health im¬ 
portance, since the poliomyelitis virus has already been demonstrated 
in sewage. In this connection the studies by Kempf and Soule (1940) 
and Kessel, Allison, Moore, and Kaime (1943) are very interesting. 
They observed that chlorine in a concentration of 0.5 p.p.m., which is 
an amount in excess of that usually employed in municipal practice, 
did not inactivate the virus of poliomyelitis after 60 to 90 minutes' 
exposure. Likewise the virus of cowpox is not killed by several hun¬ 
dred times the chlorine concentration usually considered adequate to 
protect public'drinkiiig water supplies [MacDonald (1940)]. In fact, 
in certain cases the virus stood a chlorine concentration of 400 p.p.m. 
for 10 minutes. The addition of ammonia to liquid chlorine greatly 
increases the germicidal efficiency of the chlorine. Since chlorine 
readily combines with organic matter, its toxic action is considerably 
altered by the presence of such material in the water. 

Hypochlorites. The best known of the hypochlorites is calcium 
hypochlorite, CaClOCl, which is also sometimes spoken of as bleaching 
powder, or simply as bleach. The strength of the various hypochlorites 
is measured in terms of available chlorine by titrating with potassium 
iodide and sodium thiosulfate. Such a measurement is misleading, 
however, because it implies that the disinfecting properties of such 
compounds depend entirely upon the chlorine. This implication is 
not entirely justified, because we know that certain oxidative processes 
also take place. The oxygen, as well as the chlorine, comes from the 
decomposition of the hypochlorite by the action of acids or even of 
atmospheric carbon dioxide; for instance: 

2CaC10Cl + 2HC1 - 2CaCl2 + 2HOC1 
2HOC1 + 2HC1 « 2 H 2 O + 2 CI 2 
2HOC1 = 2HC1 + O 2 

When commercial chlorinated lime is fresh, it may contain approxi¬ 
mately 25 to 35 per cent available chlorine, although many commercial 
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preparations may fall far short of this value, especially if they have 
been stored for a considerable period in a warm, moist place. Several 
stabilized hypochlorite preparations on the market are for use as disin¬ 
fectants. Of these, Clorox, Perchloron, and H.T.H. are widely used 
because of their high percentage of available chlorine. The hypochlo¬ 
rites have had their greatest use in sanitation and have been responsible 
for great saving of life from water-borne infections since they were first 
used in about 1850. Although they have been almost entirely replaced 
in sanitation by liquid chlorine, they still have their place in the home 
and other places where small-scale disinfection is desired. The most 
complete study to date on the germicidal action of hypochlorite solu¬ 
tions has been carried out by Rudolph and Levine (1941). The effects 
of temperature, concentration, and reaction (pH) on germicidal eflS- 
ciency were studied by determining the course of the disinfection proc¬ 
ess and the time required to effect a reduction of 99 per cent of the 
viable spores of Bacillus metiens. 

Bakings solution is essentially a hypochlorite solution which is suitable 
for the treatment of wounds. It is prepared so that it contains approxi¬ 
mately 0.5 per cent available chlorine, and the alkalinity of the solu¬ 
tion is neutralized with boric acid. Manninger (1940) has suggested 
the use of a modified Dakin's solution for treating wounds, since it 
kills staphylococci and streptococci in 2 minutes. Baker, Finn, and 
Twort (1940), Baker (1941), and others have studied the ability of 
hypochlorites and other disinfectants to serve as aerial germicides. 
Although such compounds in the form of mists have definite possi¬ 
bilities in combating aerial infections, they are somewhat limited be¬ 
cause of several factors. 

Chlorophenols. The germicidal properties of the o-, m-, and 
p-chlorophenols have been studied by several investigators. In gen¬ 
eral, their phenol coefficients are rather low. It has been shown by 
Klarmann and associates (1934), however, that some of the p-alkyl and 
aromatic derivatives of the chlorophenols are eflBicient germicides. 
Some of their data are presented in Table 9. 

Chloramines. According to Berliner (1931), the chloramines in¬ 
clude all amino (—NH 2 ) and imino (=NH) groups in which the hydro¬ 
gen has been partially or completely replaced by chlorine. The medical 
profession refers to the term chloramine more or less specifically as the 
mono- and dichloro-substituted toluene sulfonamide derivatives 
which are sold under several trade names. The first of these was intro¬ 
duced during World War I by Dakin, Cohen, and Kenyon (1916) and 
was named chloramine-T. Chemically this compound is 2 >-toluene- 
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sodium-sulfochloramide (CH 3 C 6 H 4 S 02 Na:NCl). Closely related to 
this compound is dichloramine-T (CH 3 C 6 H 4 SO 2 NCI 2 ). 

Koser (1926) observed that a 1 : 500 solution of chloramine-T in 
culture media inhibited the growth of Escherichia coli and Staphylococ¬ 
cus aureus. A 0.5 per cent solution killed coliform bacilli in 1 minute 
and S. aureus in 30 minutes, w’hereas a 2 per cent solution was lethal to 
a suspension of S, aureus in 5 minutes. The spores of Bacillus an- 
thracis were destroyed in 3 hours by a 5 per cent solution and in 2 hours 
by a 10 per cent solution. Charlton and Levine (1937) and Weber 
(1942) have studied the chloramines in detail and have added to our 
knowledge concerning the action of these chlorine compounds. They 
determined the effect of the chlorine concentration, the reaction (pH), 
and the temperature on the germicidal efficiency of these compounds. 
Some of their data are discussed on pp. 283 to 285 on the factors influenc¬ 
ing chlorine disinfection. 

Azochloramide. In 1935 Schmelkes and Horning reported on the 
bactericidal action of Azochloramide [N-N'-dichloroazodicarboxami- 
dine, (NH 2 )C 1 N:C-N:N-C:NCI(NH 2 )]. It possesses the property of 
killing many organisms in the presence of organic matter, such as 
serum, and is nonirritating. In this respect it apparently excels all 
other chlorine compounds. A solution containing 25 p.p.m. available 
chlorine and 50 per cent serum killed several organisms, including 
Staphylococcus aureus^ Corynebacterium diphtheriae, Diplococcus pneu¬ 
moniae type II, Escherichia coli, and Pseudomonas aeruginosa in less 
than an hour. Salle, Shechmeister, and McOmie (1940) found Azo¬ 
chloramide to be lethal for S. aureus at a dilution of 1 : 3,520 and for 
Eberthella typhosa at 1 : 101,000; corresponding phenol coefficients for 
the two organisms were 32.0 and 543. The effect of Azochloramide on 
certain physiologically active products of staphylococci has been studied 
by Heise and Starin (1940). For example, they found that, when 
staphylococcus filtrates were incubated with Azochloramide at 37 °C., 
their hemolytic and dermonecrotizing activities were greatly reduced. 
Azochloramide potentiates the action of sulfonamides in vitro, whereas 
other chemotherapeutic substances, such as Optochine, Mertliiolate, 
and actinomycin, do not exhibit such synergism. Several theories have 
been advanced to explain this phenomenon, but as yet the problem 
has not been solved [see Henry (1943)]. 

Chlobofohm. Trichloromethane (CHCI3) has been used in the 
past as a preservative, but it possesses little or no direct germicidal 
action [Bunyea (1927)], since 5 per cent chloroform in a streaming 
vapor will not kill Staphylococcus aureus in 30 minutes. 
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Factors Influencing the Germicidal Action op Chlorine 
Compounds. Several factors are important in the determination of 
the germicidal efficiency of chlorine compounds. Of these factors the 
concentration of available chlorine, the reaction (pH), the temperature, 
and the presence of organic matter are the most important. 

1 . Effect of Concentration. It is quite generally assumed that the more 
available chlorine which is present in a given disinfecting solution, the 
more efficient will be the killing process. This assumption is not 
always justified, however, as will be seen in the two examples taken 
from the study of Charlton and Levine (1937). When solutions of the 
calcium hypochlorite were employed, the available chlorine was not a 
measure of the disinfecting power, since the killing times obtained with 
1,000 and with 100 p.p.m. available chlorine were not appreciably 
different. They believed this situation could best be explained by the 
fact that the more dilute solution was less alkaline (because of a dilution 
of the stabilizing agent), with resultant increased germicidal power, 
which was found to be approximately proportional to the calculated 
amount of hypochlorous acid present. On the other hand, doubling 
the concentration of available chlorine in the form of chloramine-T 
resulted in a reduction of the killing time to approximately one-half. 
For instance, at pH 6.2 the spores of Bacillus metiens were killed in 
27, 12, and 5.4 hours when solutions containing 1,000, 2,000, and 4,000 
p.p.m. available chlorine, respectively, were employed. 

Costigan (1942) points out: 

Chlorine concentration is certainly important, but, in view of modern chlo¬ 
rination practice, the exact effective concentration more than ever becomes 
one of individual determination for any given plant. With modern break¬ 
point chlorination, considerable variance is found in the finished water chlo¬ 
rine residuals tolerated by the public. For example, results on cysticidal (En- 
dameha histolytica) chlorine doses show a 30-minute residual at a pH range of 
7.0 to 8.2 to be slightly above 3 p.p.m. This may be tolerated in some waters 
and not in otliers. 

S. Effect of Reaction (pH). Several investigators have observed that 
the hydrogen-ion concentration of the solution greatly influences 
chlorine disinfection, although this fact has not always been appreciated 
in practical sterilizing procedures. This factor has been studied in some 
detail by Charlton and Levine (1937), Rudolph and Levine (1941), 
and Butterfield and associates (1943). To illustrate this point, two 
experiments from the study by Charlton and Levine will be cited. 
A hypochlorite solution with 1,000 p.p.m. available chlorine at a re¬ 
action of pH 11.3 killed the spores of BaciUus metiens in 64 minutes, 
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whereas at pH 7.3 the killing time was less than 20 seconds. Likewise, 
when a solution containing a concentration of 1,000 p.p.m. available 
chlorine as chloramine-T was employed, the killing times obtained 
ranged from 97 to 16 hours for reactions from pH 8.6 to 6.0 (Fig. 11). 
Quite similar results were obtained with other concentrations of chlora¬ 
mine-T. The hydrogen-ion concentration also has a marked effect on 
the bactericidal efficiency of fi'ee chlorine, the killing power diminialiing 
with increasing pH values [Butterfield ct al. (1943)]. 



Fig. 11. Effect of Reaction (pH) on the Gennicidal Power of Chloramine-T 

(1,000 p.p.m. available chlorine, 25® C.). (From Charlton and Levine, 1937.) 

S. Effect of Temperature. Very few comprehensive studies have been 
leported of the effect of temperature on the germicidal efficiency of 
chlorine compounds. Nevertheless temperature is a very important 
factor, as was clearly demonstrated by Charlton and Levine (1937), 
who employed a chloramine-T solution containing 2,000 p.p.m. avail¬ 
able chlorine at pH 6.0 and four different temperatures (Fig. 12). 
Actual figures showed that for each 10® rise in temperature the killing 
time was reduced by 82 per cent. The germicidal efficiency of hypo¬ 
chlorite solutions for certain bacteria seems to be little influenced by 
temperature [Costigan (1942)], but for others {Mycobacterium tuhercvr 
hsis and spores of BaciUus metiens) increasing the temperature de¬ 
creases the killing time [Costigan (1936), Rudolph and Levine (1941)]. 
A rise in temperature tends to increase the bactericidal properties of 
free chlorine [Butterfield et al. (1943)]. 

Effect of Organic Matter. The literature reveals several con- 
fficting opinions concerning the effect of organic matter on the disin- 
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fecting properties of certain chlorine compounds. However, the present 
consensus is that the germicidal efficiency of chlorine and chlorine com¬ 
pounds is considerably reduced by the presence of organic matter. 
Therefore, when disinfection tests are performed, solutions both with 
and without added organic matter should be employed. Of the chlorine 
compounds hypochlorites are most affected by the presence of organic 
matter, chloramine-T and Azochloramide being less affected. This 
situation is clearly shown in Table 25, where it will be seen, for instance, 



Fig. 12. Effect of Temperature on the Germicidal Power of Chloramine-T (2,000 
p.p.m. available chlorine, initial pH 6.0, at 25® C.). (From Charlton and Levine, 

1937.) 


that a solution of chloramine-T containing 300 p.p.m. available chlorine 
and 50 per cent serum killed Staphylococcus aureus in less than 1 hour, 
while four times that amount of available chlorine (1,200 p.p.m.) was 
necessary to produce the same efifect when sodium hypochlorite was 
employed as the disinfectant. 

Mode of Action of Chlorine. Several theories have been ad¬ 
vanced to explain the mechanism of disinfection by chlorine, hypo¬ 
chlorites, and chloramine compounds, but we are still uncertain how 
these compounds destroy microorganisms. The action may be the 
same for all these substances, although the data available seem to 
indicate that the various chlorine compounds act in a different manner 
on specific organisms [see Chang (1944)]. 

Several early workers were of the opinion that the germicidal action 
of chlorine was due to oxidative reactions involving nascent oxygen. 
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It was assumed that nascent oxygen arose in some way by a union of 
chlorine with the hydrogen of water, thus: 

CI 2 + H 2 O = 2HC1 + [0] 

This theory has been considered old-fashioned and has been dis¬ 
carded by some workers, who suggest that the toxicity is due to chlorine 
rather than nascent oxygen. To support their claims they have shown 

TABLE 26 

Action of Azochloramide, Chloraminb-T, and Sodium Hypochlorite on 
Staphylococcus aureus in the Absence and the Presence of Organic Matter 

[From Schmelkes and Horning (1935)] 



Available 



Time 
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(+) ■* growth; (—) no growth in 96 hours. 


that the nascent-oxygen theory can account for only a part of the re¬ 
duction in the biochemical oxygen demand of sewage. In a more recent 
theory the investigators conceive of a process in which the chlorine 
actuaUy combines chemicaUy with the protoplasm of the bacterial 
cell, a hydrogen in the amino groups being replaced as: 

—R—CO—NH—R'— + Cl —R—CO—NCI—R'— + H 
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The chloramines thus produced are toxic to bacteria and eventually 
the cells are killed. 

Andrewes and Orton (1903), Charlton and Levine (1937), Rudolph 
and Levine (1941), and others are of the opinion that hypochlorite 
solutions and chlorinated water owe their germicidal properties to 
the same substance, namely, hypochlorous acid (HOCl), which may 
be formed as follows: 

CI 2 + H 2 O - HCl + HOCl 

Ca(OCl )2 + 2HC1 = CaCl 2 + 2HOC1 

If this theory is correct, then the germicidal activity of chlorine and 
hypochlorites in water will dep>end upon the concentration of hypo- 
chlorous acid. In this respect it was observed by Andrewes and Orton 
that, when hypochlorite solutions were acidified, hypochlorous acid was 
liberated, and the germicidal activity was greatly increased. To de¬ 
termine how changes in the pH of a hypochlorite solution would affect 
the amount of hypochlorous acid present, Holwerda (1928, 1930) made 
the following calculations: 

Hypochlorite Present in 
Undissociated HOCl, 


Reaction (pH) per cent 

4.0 approximately 100.0 
5.0 99.6 

6.0 95.8 

7.0 69.7 

8.0 18.7 

9.0 2.2 

10.0 0.2 


These data account for the increase in speed in germicidal reactions 
by hypochlorites as the solutions are acidified, and they explain some 
of the discrepancies in the literature where the pH factor has not been 
taken into consideration. However, whether the germicidal activity 
of hypochlorous acid is due actually to the (OCl)"“ ion or to the positive 
chlorine atom which it contains, or to the liberation of nascent oxygen 
(HOCl —> HCl + O), is not known. 

When we turn to the mechanism of the disinfecting action of the 
chloramine compounds, we find a difference of opinion among workers. 
One group believes that chloramine-T and related compounds undergo 
hydrolysis to yield hypochlorous acid and therefore exert a germicidal 
action by means of this acid. If this viewpoint is correct, then such 
compounds act in a manner similar to hypochlorites. On the other 
hand, Holwerda (1928) was unable to detect any hypochlorous acid 
in a chloramine solution containing 10 p.p.m. available chlorine. The 
methyl-orange decolorization test used was sensitive to 0.03 p.p.m. 
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available chlorine as hypochlorous acid. Similar results have been re¬ 
ported by other scientists. After a careful perusal of the literature and 
extensive personal researches Charlton and Levine (1937) stated, ‘The 
evidence suggests that in solutions of any chloramine with an :N—Cl 
linkage the germicidal action is not due to hypochlorous acid.'' There¬ 
fore the toxic action of such chloramine compounds seems to be due to 
the chlorine leaving the compound and attaching itself to a second 
compound, or to the “undissociated^^ molecule. 

Several other hypotheses have been advanced to explain the mode 
of action of chlorine compounds, but they lack experimental proof. 
For instance, they include such suggestions as the precipitation of the 
bacterial protein by chlorine, the alteration of the cell membrane so 
that certain solutes present in the cell may rapidly diffuse to the out¬ 
side, the mechanical disruption of the cell, and the emission of lethal 
rays when the hypochlorites and the organic matter react. In sum¬ 
mary it may be stated that a majority of the investigators believe 
that bacterial destruction is accomplished by a “poisoning’^ process, 
whereby the chlorine atom or atoms, the (001)“ ion, or the undissoci¬ 
ated chloramine molecules actually combine chemically with the pro¬ 
toplasm of the bacterial cell to produce a toxic organic complex. 
Modem theories are thus concerned principally with the manner of 
combination. 

Bromine Compounds. Little work has been done on the germicidal 
action of bromine and its compounds, although they closely resemble 
the chlorine compounds in their general properties. Beckwith and 
Moser (1933) found chlorine, bromine, and iodine to be equally effec¬ 
tive against Escherichia coli, A solution containing 0.2 p.p.m. bromine 
was 95 to 97 per cent efficient in 60 minutes. More recently the germi¬ 
cidal action of bromine has been studied by Tanner and Pitner (1939). 
They foimd the reaction (pH) of the solution to be an important factor, 

TABLE 26 

AuoirNT OF Free Bromine Required to Kill Bacteria in 30 Seconds at 
Two Different Reactions 

[From Tanner and Pitner (1939)1 



Parts per 

Million of Bromine 

Organism 

pH 3.5-4.0 

pH 6.8-7.2 

Proteus indgarie 

40-60 

170 

BaciUue megatherium 

28-36 

no 

BaciUue meeentericue 

180-300 

over 460 

BactUua etibtiUe 

170-220 

over 460 



HALOGENS AND THEIR COMPOUNDS 


289 


since at pH 3.5 to 4.0 bromine was much more active than at pH 6.8 
to 7.2 (Table 26). Staphylococcus aureus and E. coli were killed in 
16 to 30 seconds by 16 p.p.m. bromine, while only 0.03 to 0.06 p.p.m. 
was necessary to destroy Eberthella typhosa, Aspergillus niger re¬ 
quired 28 p.p.m., Oospora lactis 8 p.p.m., and Monilia albicans 0.25 
p.p.m. When several other organisms were employed, it was found 
that mold spores were more resistant than yeast or non-spore-forming 
bacteria. 

Several organic bromine compounds have been prepared and tested 
as disinfectants. For example, Klarmann, Shtemov, and von Wowem 
(1929) found the phenol coefficient of 4-bromothymol to be 12.5 when 
E. typhosa was used as the test organism and 194.6 when S. aureus 
was employed. For the most part such compounds have not been 
extensively used as disinfectants. 

Iodine Compounds. The compounds of iodine are used extensively 
as disinfectants. Standard tincture of iodine, which consists of 2 to 7 
per cent iodine and 5 per cent potassium iodide in alcohol, is the most 
commonly employed iodine preparation for disinfection of wounds and 
skin, although many other iodine compounds have been prepared and 
studied. Gershenfeld and Miller (1932) determined the germicidal 
efficiency of several iodine preparations, using the Food and Drug 
Administration technique. Some of their data with EberiheUa typhosa 
at 20°C. are shown in Table 27. When the phenol coefficients are 
calculated on the basis of the iodine itself, values ranging from 135 to 
235 are obtained. Salle and his associates (1939) reported phenol 
coefficients of 32 and 18.1 for Staphylococcus aureus and E, typhosa^ 
respectively. 


TABLE 27 


Phenol Coefficients of Various Iodine Preparations (F.D.A. Technique 
AND Eberthella typhosa at 20 °C.) 

[From Gershenfeld and Miller (1032)] 




Variation 


Phenol 

in Phenol 

Preparation 

Coefficient 

Coefficient 

2% alcoholic iodine solution (with dilute alcohol) 

4.7 

4.1-6.2 

3% alcoholic iodine solution (with dilute alcohol) 

2% alcoholic iodine solution (U.S.P, tincture diluted 

6.6 

6.5-7.5 

with alcohol) 

3% alcoholic iodine solution (U.S.P. tincture diluted 

3.6 

3.2-4.1 

with alcohol) 

5.8 

6.3-6.1 

3% special aqueous iodine solution (Karns’ formula) 

7.2 

6.^7.6 

2% isotonic iodine solution 

4.7 

4.4r^.6 
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Iodine has been used somewhat to sterilize water for drinking pur¬ 
poses. Beckwith and Moser (1933) found that a solution containing 
0.2 p.p.m. of iodine was 95 to 97 per cent efficient for killing Escherichia 
coli in 60 minutes. However, solutions containing 3 to 5 p.p.m. are 
more efficient and require less time to disinfect. 

Iodine solutions (0.05 to 0.5 iV) also rapidly inactivate certain 
viruses, such as the influenza virus [Knight and Stanley (1944)]. Iodine 
trichloride (ICI 3 ) is an efficient germicide, since it has been reported that 
a 0.1 per cent solution is lethal for many vegetative bacteria in 1 minute 
and that a 1 per cent solution kills spores in about 10 minutes. Jodo- 
form (CHI 3 ) is a rather weak germicide which has been employed ex¬ 
tensively in the past. When brought in contact with wounds and 
tissues where active reducing processes are taking place, it supposedly 
liberates free iodine, which accounts for the germicidal activity of the 
compound. Several aromatic iodine compounds exhibit a bacteriostatic 
or bactericidal effect on Mycobacterium tuberculosis. Concentrations 
of 3.0 to 5.0 mg. per cent of 2:3:5-triiodobenzoic acid, 3:5-diiodo-2- 
hydroxybenzoic acid, 2:4:6-triiodophenol, and several other such com¬ 
pounds are quite inhibitory to growth, whereas certain others show 
little or no inhibition for this organism [Saz, Johnston, Burger, and 
Bemheim (1943)]. 

Fluorine Compounds. Chemically, fluorine is the most active of 
the halogen ions. For this reason it has not been used much as a gen¬ 
eral disinfectant. The ion is extremely germicidal, however, because 
it has been stated that hydrofluoric acid is ten to twenty times more 
inhibitory than hydrochloric acid for yeasts and bacteria. Sodium 
fluoride is used somewhat to prevent the growth of bacteria and molds 
and thus to preserve blood and other substances for chemical examina¬ 
tion. Field and Field (1932), however, found sodium fluoride to be 
relatively ineffective in inhibiting the growth of Lactobacillus casei. 
A concentration of 0.08 per cent stimulated the production of acid, 
and 0.1 per cent allowed the same yield of acid as the control, whereas 
concentrations of 0.18 to 0.5 per cent produced a sharp decrease in the 
yield of acid. 

In enzyme studies fluorine compounds are extensively used, since 
they inhibit the activities of many enzymes without interfering with 
certain other specific cellular catalysts. 

The a-, m-, and p-fluoro derivatives of benzoic, phenylacetic, cin¬ 
namic, and mandelic acids have been prepared and studied by Hager 
and Grubb (1942). The introduction of fluorine into the nucleus of 
these acids caused only a slight increase in their bacteriostatic powers, 
especially when directed to the and p-positions. 
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THE PHENOLIC GROUP OF COMPOUNDS 

The phenolic group of compounds is extensively used today as dis¬ 
infectants. Such compounds are relatively cheap and, for the most 
part, very active bactericides. They differ from some of the other 
germicides which have so far been considered in that they are only 
slightly soluble in water. Phenol, for instance, is soluble to the extent 
of 6.7 g. per 100 ml. of water at 16°C., p-cresol to the extent of 2.35 g. 
at 40®C., and thymol to the extent of 0.083 g. at 15°C. When mixed 
with water, such compounds form emulsions of varying degrees of 
fineness. 

Phenol (Carbolic Acid). The use of phenol as a disinfectant dates 
back to Joseph Lister, who introduced it into medicine and surgery in 
1865. In sufficient concentration it is effective against the vegetative 
cells of microorganisms. Most bacteria are killed in 5 to 10 minutes by 
a dilution of 1 : 80 or 1 : 110 at room temperature. Bacterial spores 
are more resistant; in fact, the spores of Bacillus anthracis may survive 
5 per cent phenol for 24 hours or longer. The phenol coefficients of 
some of the derivatives of phenol are given in the Tables 28 to 33. 

Phenol itself plays a minor role today as a disinfectant. It is caustic 
and irritating when applied to the skin, and its odor is offensive to 
some people. Several worker have attempted to find a diluent which 
would exert a protective action on the tissues and still not interfere 
with the germicidal action of the phenol. Glycerin, alcohol, and various 
oils have been employed for this purpose, but none of them has been 
widely accepted. Several factors influence the disinfecting action of 
phenol and related compounds. Like many other disinfectants, these 
compounds are more active at high temperatures than at low. They 
require but little dilution to deprive them completely of their activity. 
Alkaline reactions usually diminish their germicidal efficiency, w’hereas 
low pH values increase their efficiency. Salts such as sodium chloride 
decrease the solubility of phenol and thus influence the activity of its 
compounds. Reports in the literature state that the presence of organic 
matter appears to have little effect on compounds wdth phenol coeffi¬ 
cients below five, but substances with high coefficients are affected. 

Mode op Action of Phenol. Both physical and chemical theories 
have been advanced to explain the disinfecting properties of phenol 
and related compounds. Most w^orkers believe that phenol exerts its 
action by combining chemically with the bacterial cell to form insoluble 
proteinates and other compounds. After studying the dispersion 
phases of phenol between water and other solutions, Reichel (1909) 
came to the conclusion that the action was a physical phenomenon, 
as well as a chemical reaction. As proof for this claim he showed that 
phenol was able to pass into solution in such substances as coagulated 
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albumin and certain lipoids. Hence the germicidal action resulted 
from the phenol penetrating the bacterial cell in the form of a col¬ 
loidal solution, where it became a protoplasmic poison by virtue 
of its ability to form insoluble proteinates. Other workers have sug¬ 
gested that phenol and related compounds act by disrupting the oxida¬ 
tion-reduction potential equilibrium of the cells or by adsorption on 
to the surface of suspended matter, thus increasing their concentration 
in the immediate neighborhood of the cells and thereby preventing 
normal metabolism. 

Polyhydroxy Phenols. It is difficult to compare the bactericidal 
properties of phenol and benzene because of the insolubility of the hy- 

TABLE 23 

Phenol Coefficients of Polyhydroxt Phenols 
[From Suter (1941)] 

Phenol Coefficient at 37 ®C. 

Compound Ebertheila typKota Staphylocoectu attretu 

Catechol. C6H4(0H)2(1.2) 0.87 0.58 

Resorcinol, C6H4(0H)2(1.3) 0.4 0.4 

Hydroquinone, C«H4(OH)2(l,4) 12.0 0.44 

Phlorogluctnol, C6H|(0H)8(1,3,5) Negligible) slightly Negligible) slightly 

Pyrogallol, CtH 8 (OH) 3 ( 1,2,3) Negligible/bacteriostatic Negligible/bacteriostatio 

drocarbon in water; however, it is of interest to note the effect of the 
position of the hydroxyl group, as well as of increasing the number of 
hydroxyl groups attached to the nucleus (Table 28). Hydroquinone 
has a highly bacteriostatic action against Pasteurella pestisj preventing 
growth in a dilution of 1 : 432,000, whereas catechol is about one-tenth 
as active (1 : 48,000), according to Caius, Naidu, and Jang (1927). 

TABLE 29 

Phenol Coefficients of Halogenated Phenols 
[From Suter (1941)] 

Chlorine Derivatives Bromine Derivatives 



Eher~ 

Staphy- 

Eber- 

Staphy¬ 


theUa 

lococcus 

theUa 

lococcus 

Compoimd 

typhoaa 

aurevs 

typhosa 

aureus 

2-Halophenol 

3.6 

3.8 

3.8 

3.7 

3*Halophenol 

7.4 

6.8 

... 

... 

4*Halophenol 

3.9 

3.9 

6.4 

4.6 

2:4-Dihalophenol 

13.0 

13.0 

19.0 

22.0 

2:4:6-Trihalophenol 

23.0 

26.0 

... 


4-Halore8orcinol 

0.7 

1.0 

1.0 

1.3 

4:6kDihaloresorcinol 

3.2 

3.9 

4.0 

4.6 

2:4:6-Trihaloresorcmol 

6.0 

4.3 

6.4 

6.4 
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Halogenated Phenols. It has been shown by Klarmann and his 
associates (1929, 1934), Heyman and Grubb (1940), and others [see 
reviews by Klarmann (1939-1944) and Suter (1941)] that the germ¬ 
icidal activity of phenol, cresols, and resorcinol is increased by the sub¬ 
stitution of halogens into their molecules. Although fluorophenol 
differs but little in its germicidal action from phenol, the chloro and 
bromo derivatives are more effective than the unsubstituted compounds 
(Table 29). Little is known about the iodinated phenols; they are rela¬ 
tively insoluble in water and possess an unpleasant and persistent odor 
which prevents their use for practical purposes (see the discussion of 
iodine compounds, pp. 289 to 290). 

Alkylphenols, Alkylresorcinols, Alky lea techols, Alkylhydro- 
quinones, Alkylphloroglucinols, and Alkylpyrogallols. A great 
many studies have been published on the effect of alkjl groups on the 
bactericidal properties of mono-, di-, and trihydroxyphenols, and this 
literature has been adequately reviewed by Suter (1941). Most of these 
compounds are only slightly soluble in water, but, when treated with 

TABLE 30 

Phenol Coeppicients op Cresols, p-Alkyl Phenols, and 
Related Compounds 

[From Schaffer and Tilley (1927) and Tilley and Schaffer (1928)] 

Phenol Coefficient against 




EhertheUa 

Staphylococcus 

Disinfectant 

Formula 

typhosa 

aureus 

o-Cresol 

CH 3 C 6 H 4 OH 

2.20 


Tw-Cresol 

CH 3 C 6 H 4 OH 

2.40 

.... 

p-Cresol 

CH 3 C 6 H 4 OH 

2.50 

2.20 

p-Ethyl phenol 

C 2 H 6 C 6 H 4 OH 

7.40 

6.00 

Propyl phenol 

C 3 H 7 CflH 40 H 

21.60 

16.60 

p- 7 ^•Butyl phenol 

C 4 H 9 C 6 II 4 OH 

68.00 

50.00 

p-n-Amyl phenol 

C 6 HUC 6 H 4 OH 

197.00 

139.00 

p- 7 i-Hexyl phenol 

C 6 H 13 C 6 H 4 OH 

600.00 

375.00 

p-Xylenol 

(CH3)2C6H3 0 H 

5.50 

.... 

Thymol 

CH3C6H3(0H)C3H7 

28.50 

.... 

Carvacrol 

C3H7C6H3(0H).CH3 

27.50 

.... 

p-Benzyl phenol 

C^HfiCHjCeHi-OH 

62.00 

.... 


alcohol, alkali, or soap, they yield a homogeneous emulsion. Many of 
the common disinfectants on the market today are manufactured from 
crude cresols. 

Within experimental error the position of the alkyl group has no ef¬ 
fect. For example, the three cresols and the three n-butyl phenols mre 
practically identical in their bactericidal action. The o- and p-aeo-butyl 
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phenols have phenol coeflScients of 28; the branching of the carbon side 
chain, as in tert^hutyl phenol, reduces the effectiveness to about 20. 
The presence of two alkyl groups in the phenol nucleus yields com¬ 
pounds that are fairly effective germicides. However, the six isomeric 
xylenols do not differ greatly in bactericidal properties, the 2:5-di- 
methyl phenol being the most active. Carvacrol and thymol both have 
phenol coeflScients of about 28 against Eberthella typhosa, Schaffer and 
Tilley (1927) and Tilley and Schaffer (1928) have tested the germi¬ 
cidal action of many of the phenolic compounds. Some of their results 
with the cresols and other alkyl phenols are cited in Table 30. 

The alkyl resorcinols have been studied by several workers [see 
Schaffer and Tilley (1927), Rettger, Valley, and Plastridge (1929), and 

TABLE 31 


Phenol Coefficients of Certain Resorcinols 


Disinfectant 

Formula 

Phenol Coefficient 
against 

Staphy- 
Eberthella lococcm 
typhosa * aureus f 

Normal resorcinols 

Resorcinol 

C6H4(OH)2 

0.37 


Orcinol 

CH3C6H3(0H)2 

0.53 


Ethyl resorcinol 

C2H6C6H3(0H)2 

1.60 


Propyl resorcinol 

C3H7-C6H3(0H)2 

4.80 

6.0 

Butyl resorcinol 

C4H9-C6H3(0H)2 

15.00 

19.0 

Amyl resorcinol 

C6Hn.C6H3(OH)2 

47.00 

36.0 

Hexyl resorcinol 

C«Hi3*C6H3(OH)2 

147.00 

50.0 

Heptyl resorcinol 

C7Hi6-C6H3(OH)2 

350.00 

60.0 

Octyl resorcinol 

C8Hi7-C6H3(OH)2 

400.00 

16.0 

Iso resorcinols 

Isobutyl resorcinol 

(CH8)2 • CH . CH2 • C6H3(0H)2 

12.80 

.... 

Isoamyl resorcinol 

(CH3)2 • CH • (CH2)2 • C6H3(0H)2 

46.00 

24.0 

Isohexyl resorcinol 

(CH3)2 • CH • (CH2)3 • C6H3(0H)2 

105.00 

35.0 

Normal ketones 

Butylyl resorcinol 

CH3 • (CH2)2 • CO • C6H3(0H)2 

13.50 

12.0 

Amylyl resorcinol 

CH3 • (CH2)3 • CO • C6H3(0H)2 

37.50 

42.0 

Hexylyl resorcinol 

CHa • (CH2)4 • CO • C6H3(0H)2 

106.00 

44.0 

Heptylyl resorcinol 

CHs- (CH2)6-C0-C6H3(0H)2 

280.00 

4.0 


♦ Data from Schaffer and Tilley (1927). Modified Rideal-Walker Method. 
fData from Rettger, Valley, and Plastridge (1929). Hygienic Laboratory 
Method. 


Suter (1941)], and the data in Table 31 illustrate the results which have 
been obtained. In addition to the compounds listed in the table a num¬ 
ber of other substitution products, such as several dialkyl resorcinols, 
have been prepared and tested. 
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Several alkyl catechols, alkyl hydroquinones, alkyl phloroglucinols, 
and alkyl pyrogallols have been prepared and tested for their germicidal 
activity. For the most part they differ little, if any, in activity from 
the resorcinols, although a number of variations have been noted 
[Suter (1941)]. 

Alkylhalophenols and Alkylhaloresorcinols. Since the various 

alkyl groups and the halogen atoms separately increase the bactericidal 
activity of a phenol, it is interesting to note the cumulative effect when 
both types of substituents are present. The literature on this subject 
has been reviewed by Suter (1941), and only one example (Table 32) 
will be cited here. Similar data will be found in Table 9. The figures 
in the tables are self-explanatory and need no further discussion. 

TABLE 32 

Phenol Coefficients of Phenol, Alkyl Phenols, and Resorcinol and 
Their Halogen Derivatives in the Absence and the Presence of 
Organic Matter 

[From Klarmann, Shtcrnov, and von Wowcrn (1929)] 


Disinfect-ant 

Phenol Coefficient 
against 

Eberihella iyphofta 

Reduc¬ 
tion of 
Hffi- 
ciency, 
per cent 

Phenol Coefficient 
against 

Staphylococcus aureus 

Reduc¬ 
tion of 
Effi¬ 
ciency, 
per cent 

Without 

Organic 

Matter 

With 

Organic 

Matter 

Without 

Organic 

Matter 

Organic 

Matter 

Phenol 

1.0 

0.84 

16 

1.0 

0.81 

19 

o-Chlorophenol 

3.6 

3.1 

14 

3.8 

3.0 

21 

p-Chlorophenol 

3.9 

3.2 

16 

4.0 

3.3 

17 

m-Chlorophonol 

7.4 

5.2 

30 

5.8 

4.2 

27 

2:4>DichloropheDol 

13.3 

9.6 

28 

12.7 

9.9 

22 

2 .4:6>Trichlorophenol 

22 6 

12.8 

44 

25.0 

10.4 

58 

o-Bromophenol 

3.8 

2.8 

25 

3.7 

2.5 

32 

p-Bromophenol 

5.4 

4.0 

25 

4.6 

4.1 

12 

2:4-Dibromophenol 

18.8 

15.1 

20 

21.9 

14.3 

35 

m-Cresol 

2.5 

2.0 

20 

2.4 

1.9 

19 

4-Chloro-m-cre8ol 

30.5 

21.9 

28 

19.5 

9.9 

49 

Xylenol 

5.0 

4.4 

12 

5.6 

3.2 

42 

Chloroxylenol 


50.6 

29 

38.7 

9.0 

77 

Thymol 

33.2 

27.3 

18 

23.6 

9.3 

61 

4-Chlorothymol 

61.3 

21.7 

65 

158.0 

57.3 

64 

Carvacrol 

39.9 

25.7 

36 

17.8 

4.7 

73 

Resorcinol 

0.3 

0.25 

17 

0.4 

0.24 

39 

4<Ohlorore8oroinol 

0.7 

0.42 

40 

1.0 

0.48 

52 

4.6*Diehlorore6orcinol 

3.2 

1.7 

47 

3.9 

1.8 

54 

2 :4:6-Trichlorore8orcinol 

5.0 

1,9 

61 

4.3 

1.9 

55 

4-Bromore8orcinol 

1.0 

0.84 

16 

1.25 

0.65 

48 

4:6-Dibromore8oroinol 

4.0 

2.3 

43 

4.5 

1.6 

64 

2 :4:6<*Tribromore8orcinol 

0.7 

2,4 

64 

6.4 

2.2 

66 
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Nitro -5 Amino-, Carboxylic Acid-Phenols and Their Ileriva- 
tives. A number of nitro, amino, and hydroxycarboxylic acid phenols 
have been prepared and their bacteriostatic and bactericidal properties 
determined. Not much is known concerning the germicidal properties 
of the nitro phenols, although of the three isomers the p-compound is 
the most active [Suter (1941)]. o-Aminophenol and various of its 
n-alkyl derivatives have been dascribed in the patent literature as 
highly active germicidal agents of low toxicity, but they have not been 
studied extensively. Although esters of salicylic acid (HO-06114 • 
COOH) have little germicidal or bacteriostatic action, certain alkyl 
p-hydroxy benzoates are highly effective, particularly as preservatives. 
The presence of halogen in the nucleus increases this effectiveness, as 
does also the nitro group, whereas the amino group decreases it. The 
action of numerous dihydroxybenzoic acids and their esters on yeast 
and bacteria has also been mentioned in the literature [Suter (1941)]. 

TABLE 33 


Phenol Coeppicibnts of Hydroxydiphenylmethanb 
[From Suter (1941)] 

Phenol Coefficient 


Substituted Halogen 


Staphy¬ 

Strepto¬ 

Compounds on 

Eberthella 

lococcus 

coccus 

Hydroxydiphenylmethane 

iyphosa 

aureus 

pyogenes 

3-Chloro-4- 

36 

125 

165 

3-Chloro-2- 

24 

71 

94 

4'-Chloro-4- 

83 

170 

165 

3-Bromo-4- 

19 

170 

185 

5-Bromo-2- 

26 

295 

310 

3:4'-Dichloro-4- 

41 

345 

175 

5-Chloro-3-methyl-2- 

16 

245 

300 

5-Chloro-4-methyl-2- 

17 

405 

455 

6“Chloro-4 :a-dimethyl-2- 

31 

920 

785 


Hydroxy Derivatives of Diphenylmethane. A variety of mono- 
and di-hydroxydiphenylmethane deviatives has been prepared by 
Klarmann and his coworkers, Huston, and others [see Suter (1941)]. 
In general, their results show that a halogen in the p-position makes 
the compound more active than does a halogen in the o-position to the 
hydroxyl group; it makes little difference which ring bears the halogen 
atom. Also, multiple substitution of methyl and halogen groups pro¬ 
duces substances highly active against Staphylococcus aureus and 
Streptococcus pyogenes^ but slightly less active against EbertheUa ty- 
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phosa. These facts may be seen in Table 33. More recently Traub, 
Newhall, and Fuller (1944) have found that, when a certain derivative 
of diphenylmethane is incorporated in hand soap, it is very effective 
in reducing the number of bacteria on the skin. The compound used 
by these workers is called G-11; chemically it is dihydroxyhexachloro- 
diphenylmethane (2:2'-dihydroxy-3:5:6-3' :5' :6'-hexachlorodiphenyl- 
methane): 

OH OH 



It is nonirritating and more active for Gram-positive than for Gram¬ 
negative bacteria. It gives a phenol coefficient of about 125 with S. 
aureus. 


THE FURAN (FURFURAN) COMPOUNDS 
Several derivatives of furan, which has this formula: 

HC-CH 


HC CH 

V 


have been shown to possess some germicidal activity. One of these 
derivatives, Fumarane, has already been mentioned on p. 276 on 
organic mercurials, and a few other illustrations may be cited here, 
McGuigan (1923), for example, found that 2-furaldehyde has a phenol 
coefficient of 0.26 when measured against Eberthella typhosa^ and that a 
2 per cent solution inhibits the fermentation of glucose by yeast. Since 
this study appeared, nearly fifty furan compounds, including derivar 
tives of 2-furfuryl alcohol and 2-furoic acid, have been studied with 
respect to their effect on microorganisms [see Calloway, Gilman, and 
Workman (1933), Phatak and Leake (1936), Dodd, Stillman, et aL 
(1944)]. In general, the presence of a nitro group in the 5-position of 
the furan ring increases the activity of these compounds. 


ALKALOIDS AND RELATED SUBSTANCES 

The term alkaloid is applied to certain nitrogenous bases which occur 
in various plants. A great many such substances are known, and they 
differ widely in structure. For example, certain ones, like muscarine, 
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are aliphatic; some, like caffeine, contain a ring of carbon atoms and 
are related to uric acid; whereas others may be regarded as derivatives 
of pyridine (for example, nicotine), quinoline (quinine), isoquinoline, 
and unknown substances. 

The effect of alkaloids on microorganisms other than the malarial 
parasite has not been studied very extensively. Somogyi (1916) found 
that small amounts of quinine (C 20 H 24 O 2 N 2 *31120) and atropine 
(C17H23O3N) accelerated the growth of yeast, whereas larger amounts 
inhibited development. Small amounts of cocaine (C17H21O4N) and 
pilocarpine (C 11 II 16 O 2 N 2 ), on the other hand, inhibited, but larger 
quantities accelerated, fermentation. Kligler (1918) observed that 
caffeine had a slight inhibitory action on several intestinal bacteria 
and that it is slightly more active at pll values above 7.4 than it is at 
6 . 2 . Williams (1931) tested the soluble forms of ten alkaloids for their 
ability to inhibit the growth and other activities of several bacteria. 
Considerable difference in toxicity was observed, and some compounds 
affected only morphology and pigment formation. More recently, 
Lawrence (1943) has studied the effects of quinine, atabrine, and other 
related acridines on coli-aerogenes, typhoid-paratyphoid, and cholera 
organisms. Some of the acridine compounds were quite bactericidal, 
but quinine had little or no effect on the organisms other than cholera 
vibrios, for which it was slightly bacteriostatic. 

The organic bases Eucupine (isoamylhydrocupreine, Ci 9 H 230 N 2 * 
OC5H11), Vuzine (isooctylhydrocupreine), and Optochine (ethyl- 
hydrocupreine) are marketed in this country in the form of powders, 
oils, or ointments. It is claimed that they possess some bactericidal 
action for different organisms in dilutions between 1 : 2,000 and 
1 : 40,000 [Demby and Davide (1923)]. 

ALCOHOLS, ETHERS, ALDEHYDES, KETONES, AMINES, AND 
QUATERNARY AMMONIUM COMPOUNDS 

The germicidal properties of the alcohols, ethers, aldehydes, ketones, 
and certain amines have been studied, but with a few exceptions they 
are not as widely used today as disinfectants or germicides as are some 
other substances. 

Alcohols. As early as 1875 Bucholtz found that ethyl alcohol had 
some inhibitory action on bacteria, but in 1881 Robert Koch demon¬ 
strated that pure or dilute ethyl alcohol would not kill anthrax spores 
even after long exposure. This observation on anthrax spores was 
soon confirmed by Epstein (1897) and Minervini (1898), who also 
found that certain less resistant bacteria could not be killed by various 
concentrations of ethyl alcohol. Using various techniques for testing 
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disinfectants, Minervini (1898), Christensen (1918), Kokko (1939), 
Witz (1940), Tanner and Wilson (1943), and others have determined 
the lethal effects of various concentrations of alcohol on several bac¬ 
terial species (Table 34). The consensus of all investigators is that the 
maximum efficiency of ethyl alcohol is obtained with a 50 to 70 per 
cent aqueous solution, concentrations above or below this range being 
less effective. In this respect the experiments by Price (1939) are very 
interesting. He has found that alcohol is an efficient germicide on 
the skin and against vegetative bacteria in vitro, providing the concen¬ 
tration is exactly 70 per cent by weight and not by volume. Appar¬ 
ently heating bacteria in the presence of absolute ethyl alcohol has 
much the same effect as dry heat, because Staphylococcus aureus will 
stand a 1-hour exposure to absolute alcohol under a pressure of 3 atm. 
at a temperature of 120“130°C. 

TABLE 34 

Time Required to Kill Bacteria with Various Concentrations op Ethyl 

Alcohol 


[Data from Minervini (1898) and Cliristensen (1916)] 

Time R<‘(iuired for Various Concentrations of Alcohol to Kill 



25 

50 

70 

SO 

m-ioo 

Organism 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Qaffkya ietragena 

6 hours 

0.5 hour 

0.5 hour 

6 hours 

12 hours 

Psendomonaa 

aeruginosa 

1 hour 

0.05 hour 

0.05 hour 

12 hours 

24 hours 

Serratia mar- 

cescens 

6 hours 

1 hour 

0.5 hour 

12 hours 

24 hours 

Staphylococcus 

aureus 

12 hours 

0.5 hour 

0 5 hour 

3 days-4- 

3 days-}- 

Staphylococcus * 


0.01-0.75 hour 

0.008-0.013 hour 

0.004-0.3 hour 

1-7 days-f 

Escherichxa coli 

24 hours 

6 hours 

6 hours 

?•* hours-}- 

24 hours 

Bacillus subtilis^ 

spores 

8 days-f 

8 days + 

8 days -f- 

8 days-}- 

8 days-f 

Bacillus anthra- 

eis, spores 

60 daysri- 

50 days-f 

50 days -f- 

60 days -}- 

50 days -f 


* The data for this organism were collected from the literature by Christensen, 1916. 


It can be seen from the data in Table 34 that ethyl alcohol is not very 
effective as a germicide, especially against bacterial spores. Tanner 
and Wilson (1943) also reported that spore-forming organisms were 
little affected by alcohols; Bacillus subtilis and Bacillus megatherium 
were found to be viable after 9 months in contact with 100 per cent 
primary normal methyl, ethyl, propyl, butyl, amyl, hexyl, heptyl, octyl, 
nonyl, and undecyl alcohols. The phenol coefficients of several alcohols 
against Eberlhella typhosa and Staphylococcus aureus are listed in Table 
36. Increased germicidal activity of the higher members of the series 
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is prevented by their decreased solubility. Since none of the higher 
alcohols is used as a disinfectant, these data are of only historical signifi¬ 
cance. Cowles (1938) studied the germicidal power of certain primary, 
secondary, and tertiary alcohols for E, typhosa and S, aureus and ob¬ 
served a close relationship between germicidal action and surface 
tension. Kokko (1939) and Tanner and Wilson (1943) also studied 
the germicidal action of some 26 alcohols, containing from 1 to 11 
carbon atoms. They found a regular decrease in germicidal action 
from primary to iso- to secondary to tertiary arrangements of the car¬ 
bon chain for any given number of carbon atoms. 

According to certain investigators, the addition of ethyl alcohol to 
aqueous solutions of mercuric chloride increases the disinfectant action 
of the HgCl 2 , but alcohol reduces the germicidal action of phenol and 
formaldehyde. 


TABLE 35 

Phenol Coefficients of Various Alcohols 
[From Tilley and Schaffer (1926)] 


Phenol Coefficient against 



EhertheUa 

Staphylococcus 

Disinfectant 

typhosa 

aureus 

Primary normal alcohols 

Methyl 

0.026 

0.030 

Ethyl 

0.040 

0.039 

Propyl 

0.102 

0.082 

Butyl 

0.273 

0.22 

Amyl 

0.78 

0.63 

Hexyl 

2.3 


Heptyl 

6.8 


Octyl 

21.0 


Secondary alcohols 

Propyl 

0.064 

0.054 

Butyl 

0.152 

0.131 

Amyl 

0.38 

0.32 

Hexyl 

1.0 


Tertiary alcohols 

Butyl 

0.081 

0.064 

Amyl 

0.182 

0.142 

Hexyl 

0.45 



Ethers. The ethers are supposed to have some germicidal activity, 
but because of the low boiling point of the dimethyl and diethyl ethers 
they have little or no significance. Topley (1915) incubated fresh 
cultures of Escherichia coli, Staphylococcus aureus^ Staphylococcus aXbuSj 
Psetuiomonas aeruginosa^ pneumococci, and streptococci in an atmos^ 
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phere saturated with diethyl ether. The cultures exhibited no growth, 
and most of them were killed within 3 hours. The staphylococci were 
the most resistant; in fact, several strains survived a 24-hour exposure. 
Shaking the cultures in liquid ether also had a marked effect, and most 
of the bacteria were killed in 3 to 24 hours. 

Formaldehyde and Other Aldehydes. Formaldehyde is a gas 
and is rather difficult to use as a general disinfectant; however, it has 
been employed in its gaseous state to fumigate after infectious diseases 
and to disinfect various contaminated articles, such as books (see pp. 
304 to 305 on germicidal gases). The gas is soluble in water and forms 
a colorless solution with a characteristic acrid odor. It is marketed as 
formalin, which is an aqueous solution containing 37 to 40 per cent of 
the gas. Chick (1908) reported that formaldehyde was a moderate dis¬ 
infectant, since a 5 per cent solution killed the spores of Bacillus anthra- 
CIS in 32 hours at 20°C. and in 90 minutes at 37°C. Similar results have 
been reported by Scott (1928) and others, who used both aerobic and 
anaerobic bacteria as test organisms. Tilley and Schaffer (1928) de¬ 
termined the phenol coefficients of several of the aldehydes and ob¬ 
served some interesting results (Table 36). The aldehydes do not 
exhibit an increase in germicidal activity as the series increases; instead 
formaldehyde is much more toxic than related compounds. 

TABLE 36 

Phenol Coefficients of Various Aldehydes 
(From Tilley and Schaffer (1928)] 

Phenol Coefl&cient 
against 

Disinfectant Formula EbertfteUa iyphosa 

Formaldehyde H-CHO 1.05 

Acetaldehyde CHs-CHO 0.09 

Propionic aldehyde C 2 H 6 • CHO 0.15 

Butyric aldehyde C 3 H 7 • CHO 0.32 

The presence of extraneous organic matter does not greatly hinder 
the germicidal action of formaldehyde, but the presence of methyl and 
ethyl alcohol markedly reduces its germicidal powers. Formalin pos¬ 
sesses the property of converting certain bacterial toxins into non- 
poisonous toxoids without destroying their ability to serve as antigens. 
Likewise it is used to prepare certain bacterial antigens, especially the 
H antigen of motile organisms, such as EbertheUa iyphosa. Many soil 
fungi and bacterial plant pathogens are destroyed by formaldehyde 
gas and various concentrations of formalin. Practical application of 
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this property of formaldehyde and formalin is sometimes made to 
sterilize soil, seeds, and tubers known to be contaminated. 

Ketones. Several workers have shown that acetone and related 
ketones are only feeble germicides. One example, taken from the 
paper by Tilley and Schaffer (1928), will make this point clear (Table 
37). Most ketones have a phenol coefficient of less than one. Even 
though acetone has a low phenol coefficient, it is widely used to dehy¬ 
drate and kill the cells of microorganisms preparatory to the study 
of their chemical composition, intracellular enzymes, and antigenic 
structure. 

The effect of benzophenone (diphenyl ketone) and allied compounds 
on human tubercle bacilli has been studied by Freedlander (1942). It 
was found that benzophenone exliibited bacteriostatic action in a 
1 : 10,000 dilution; 2:4'-dichlorobenzophenone was more effective, 
being bacteriostatic in a dilution of 1 : 100,000. Of the twenty-five 
other derivatives and related compounds tested, four were more effec¬ 
tive than benzophenone but less so than the dichloro derivative; the 
remaining compounds were much less bacteriostatic than benzophe¬ 
none. 


TABLE 37 

Phenol Coefficients of Several Ketones 


[From Tilley and Schaffer (1928)] 


Disinfectant 

Ketones 

Methyl methyl (acetone) 
Methyl ethyl 
Methyl n-propyl 
Methyl w-butyl 
Methyl w-amyl 


Formula 


CH 3 COCH 3 

CH3COC2H6 

CH 3 COC 3 H 7 

CH 3 COC 4 H 9 

CHsCOCsHii 


Phenol Coefficient 
against 

Eberthella typkosa 

0.04 

0.102 

0.275 

0.78 

2.3 


Amines and Quaternary Ammonium Compounds. The amines 
of low molecular weight have weak germicidal powers and apparently 
have no significance as disinfectants. Tilley and Schaffer (1928) ex¬ 
perimented with several amines and found n-hexylamine and di-w^bu- 
tylamine to have the highest phenol coefficients (Table 38). In general, 
bactericidal powers increased as the series ascended. More recently, 
R^ton (1940) and Fuller (1942) have tested several long-chain mono- 
and diamines and discovered them to be quite strongly bactericidal. 
They found that the compounds containing fourteen to sixteen carbon 
atoms were the most active. 
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Considerable research is now being conducted on the quaternary 
ammonium compounds as antibacterial agents. These compounds 
usually have the general formula R1R2R3R4NX, where the R groups 
are alkyl, aryl, cycloalkyl, or similar radicals and X is a halogen. 
Although several of these compounds have been patented, they have 
not been described to any great extent in scientific journals (see pp. 305 
to 310 on soaps and synthetic detergents). 

TABLE 38 

Phenol Coefficients or Certain Amines 
[From Tilley and Schaffer (1928)] 

Phenol Coeflficient against 


Compound 

Formula 

EbertheUa 

typkosa 

Staphylo¬ 

coccus 

aureus 

n-Propylamine 

CH 3 CH 2 0112^12 

1.60 

0.23 

n-Butylaminc 

CH3*(CH2)2-CH2NH2 

2.10 

0.62 

n-Amylamine 

CH3*(CH2)3-CH2NH2 

3.00 

1.30 

n-Hexylamine 

CH3-(CH2)4-CH2NH2 

4.50 

3.10 

Diethylamine 

(C2H8)2:NH 

2.20 

0.21 

Di-n-propylamine 

(C3H7)2:NH 

2.00 


Di-n-butylamine 

(C4H9)2:NH 

4.70 


Triethylamino 

(C2H6)3N 

1.50 

0.25 

Bcnzylamine 

C 6 HBCH 2 NH 2 

1.00 

.... 

Aniline 

C6 HbNH2 

0.57 

0.50 

p-Toluidine 

CH 3 C 6 H 4 NH 2 

1.25 

.... 

Methylaniline 

CcHb-NHCHs 

1.80 

.... 

Ethylaniline 

C 6 H 6 NHC 2 H 6 

3.00 

.... 


BILE AND BILE SALTS 

Bile and bile salts are used rather extensively in bacteriology for 
differentiating bacteria by lysis and as ingredients in selective media for 
separating closely related species. The effect of bile upon certain cocci 
is particularly striking, since pneumococci are dissolved by solutions of 
bile or certain bile salts, but streptococci do not undergo lysis in such 
solutions. This fact has come to be regarded generally as a satisfactory 
method or test for differentiating these organisms. Certain other or¬ 
ganisms also undergo lysis in bile solutions, but they are not usually 
characterized or differentiated on this basis. The actual mechanism 
of lysis by bile salts is not well understood. Downie, Stent, and White 
(1931) have shown that there is no parallelism between lytic activity 
and the surface tension of solutions, but there seems to be some corre¬ 
lation between chemical structure and power to form addition com- 
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pounds, and the lytic activity of the various bile salts. Sturdza (1938) 
has also studied the mechanism of lysis of pneumococci and believes 
that lysis is actually performed by an autolysin formed by the organisms 
themselves and that bile salts merely aid this action. Many selective 
media have been described in which bile or bile salts have been incor¬ 
porated to inhibit certain organisms. MacConkey's lactose-peptone- 
bile agar, brilliant-green lactose-bile broth, and sodium desoxycholate 
agar [Leifson (1935)] are probably the more important examples. Such 
media have been used mostly in sanitary bacteriology for the differen¬ 
tiation and study of intestinal pathogens. 

GERMICIDAL GASES AND VAPORS (AEROSOLS *) 

It has been suggested by several workers that certain gases might 
be used to good advantage to disinfect various substances. Salle and 
Korzenovsky (1942), for example, tested formaldehyde, methyl bro¬ 
mide, methyl formate, ethylene oxide, and carbon disulfide gases 
under various conditions for their ability to sterilize materials contami¬ 
nated with bacteria. With the exception of formaldehyde, none of the 
gases was of any value as a germicide under the conditions employed 
in these experiments. A 28-in. vacuum increased the efficiency of 
formaldehyde, because it increased the penetration of the gas into the 
contaminated materials. Under such conditions, an exposure of 25 
minutes sterilized all cultures, and even 5 to 10 minutes was effective 
against organisms other than Bacillus suhtilis. In the absence of a 
vacuum an exposure of 2 hours was not sufficient to effect sterilization 
of all contaminated materials. Other investigators have used a con¬ 
centration of 100 to 200 g. of ethylene oxide per cubic meter of air to 
fumigate clothes, potatoes, seeds, and other materials; the gas is proba¬ 
bly a better insecticide than it is a bactericide. Ozone is supposed to 
have an inhibitory or destructive effect on microorganisms, and Ramel 
and VuUi^moz (1938) concluded that its action is due to the formation 
of ozonides. Kessel, Allison, Moore, and Kaime (1943) found that 
ozone in an amount not exceeding 0.45 p.p.m. inactivated a 1 : 1,000 
dilution of a strain of poliomyelitis virus in 2 minutes and a 1 : 100 
dilution in 45 minutes. However, more concentrated virus suspensions 
were not inactivated, probably because of the excess amount of o^nic 
matter present in these dilutions. Ozone also interferes with other 
biological systems. 

* Robertson, Bigg, Puck, and Miller (1943) state: '^Liquid aerosols consist of 
droplets 1 to 2 m in diameter, dispersed in air. An erroneous use of the term aero¬ 
sol has been introduced by commercial concerns who have applied it as a trade 
name to certain wetting and detergent compounds.’’ 
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In recent years considerable attention has been given to the idea of 
employing bactericidal mists, vapors, or smokes to control air-bome 
diseases. The literature on this subject has been reviewed by Twort 
and Baker (1942), Robertson, Bigg, Puck, and Miller (1943), and 
Pulvertaft (1944); these references should be consulted for more details 
than can be given here. In this country mists of such compounds as 
resorcinol, sodium hypochlorite, and the synthetic detergents have been 
employed as aerial disinfectants, but they have not proved as satisfac¬ 
tory as triethylene glycol and propylene glycol (CHs-CHOH-0112011) 
aerosols or vapors. In England, however, sodium hypochlorite mist is 
favored, mainly because of its cheapness and deodorizing property. 

Most of the work with propylene glycol vapors and mists has been 
conducted by Robertson and his associates [see Robertson, Bigg, Puck, 
and Miller (1943), Puck, Robertson, and Lemon (1943), and Bigg 
(1943)], and their work may be briefly summarized. Concentrations 
of 1 g. of propylene glycol vapor in 2,000,000 to 4,000,000 cu. cm. of 
air have been shown to produce immediate sterilization of air into which 
pneumococci, streptococci, staphylococci, or the influenza virus had 
been sprayed. The spores of Bacillus subtilis, on the other hand, were 
little affected by such an environment. A temperature below 80®F. 
(26.6°C.), and an atmospheric relative humidity between 46 and 70 
per cent have been found to constitute the most favorable conditions 
for the lethal action of the vapor. The vapor is just as efficient when 
dispersed in an 800-cu. ft. room as in a 2-cu. ft. room. Atmospheres 
containing propylene glycol vapor are invisible, odorless, nonirritating, 
and apparently nontoxic. The mode of action of propylene glycol 
vapor has not been fully elucidated, but it is thought that a bactericidal 
concentration of the glycol rapidly accumulates in the bacterial droplet 
as a result of contact with and absorption of glycol molecules from the 
surrounding atmosphere. The bactericidal action of the glycols is 
thought to be due to their hydroscopic properties. 

SOAPS AND SYNTHETIC DETERGENTS 

For a long time it has been popularly supposed that some ordinary 
soaps are mild germicides. However, part of the action which such 
soaps appear to possess when used on the skin can be accounted for on 
the basis of mechanical removal of microorganisms by emulsification 
of the lipoidal secretions of the skin, in which many bacteria become 
embedd^. Although several early workers considered that the germi¬ 
cidal action of soap depended on the alkali produced by hydrol 3 rBis, 
this theory does not explain the specificity of the action of certain soaps 
on bacteria which has been observed by Eggerth (1931), Bayliss (1936- 
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1937), Stuart and Pohle (1941), and others. For example, these workers 
have shown how such factors as the length of the hydrocarbon chain, 
chemical configuration, pH, and serum influence the action of soaps on 
bacteria. In general, however, when ordinary soaps are tested in vitro 
in dilutions comparable to their concentration in lather, they show little 
or no killing action for such organisms as Staphylococcus aureus [Morton 
and Klauder (1944)]. Today ordinary soaps are generally employed 
where detergent, rather than germicidal, action is desired. The so- 
called surgical or germicidal soaps which are on the market usually 
contain disinfectants such as mercuric chloride or iodide (0.25 to 2.0 
per cent), Metaphen (1 : 500), chloramine-T (7 per cent), diphenolme- 
thane derivatives (for example, G-11), or other germicides. Although 
certain of these soaps possess a greater bacterial killing power than 
ordinary soaps, only those containing 1.0 or 2.0 per cent mercuric 
iodide kill such organisms as Staphylococcus aureus in less than 1 
minute when diluted 1:5; when diluted 1 : 20, about 2 to 4 minutes 
is required to kill this organism [Morton and Klauder (1944)]. 

Like other germicides, soaps have certain disadvantages. Ordinary, 
as well as the so-called germicidal, soaps are often too alkaline for 
application to sensitive tissues, and they are precipitated by hard 
water. These are just two examples of their disadvantages. 

Because of the deficiencies of ordinary soaps and because of the de¬ 
mands of many industries for new and improved detergents, interface 
modifiers, wetting and emulsifying agents, and related compounds, at 
least a thousand individually different compounds with such properties 
have been synthesized in recent years [Baker, Harrison, and Miller 
(1941)]. These compounds, in general, are superior to ordinary soaps 
in wetting and cleansing abilities and have the additional virtue of 
stability in acid and alkaline solutions. They may be classified into 
three main groups: (1) anionic compounds^ such as sodium lauryl sul¬ 
fate, which ionizes with the hydrophobic group in the anion, thus: 
(Na"^) + (Ci2 H250S03)“"; (2) cationic compounds^ such as lauryl pyri- 
diniiun i odide, which contains the hydrophobic group in the cation, 

thus: ^ —Ci 2 H 25 )^ + (I)^; and (3) nmionized compounds, 


such as the polyglycerol esters. Many of these compounds are now 
commercially available, and Baker, Harrison, and Miller (1941) and 
Gershenfeld and associates (1941) have tabulated the names of the 
more important synthetic detergents, together with their chemical 
structure and the manufacturers (Table 39). It will be seen that many 
of the compounds in the table are quaternary ammonium compounds 
or complex alkyl sulfates. 
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Although most of the synthetic detergents have been patented, they 
have not been described to any great extent in the scientific journals. 
Therefore only a few typical results will be presented here. Dunn 


TABLE 39 

Trade Name and Composition op Several Detergents 


(From Baker, Harrison, and Miller (1941)] 


Cationic 


Trade Name 

Zephiran 

(Alba Pharmaceutical Co.) 
Triton K -12 

(Rohm and Haas) 

Triton K-60 

(Rohm and Haas) 
Retarder LA 
(E. I. dll Pont) 

Hydrocide 

(Rohm and Haas) 

Damol 

(Alba Pharmaceutical Co.) 


Chemical Composition 
Alkyldimethyll)enzyl ammonium chlo¬ 
rides (alkyl * Cg to Cig) 
Cetyldimethylbenzyl ammonium chlo¬ 
ride 

Lauryldimothylbenzyl ammonium 
chloride 

Stearyltri methyl ammonium bromide 

Alkylhydroxybcnzyldimethyl ammo¬ 
nium phosphate 
N-N-N'-N'-Tetraraethyl-N- 

N'-didodecyl-/3-hydroxypropylene 
diammonium bromide 


Emulsol-605 
(Emulsol Corp.) 
Cepryn chloride 
(Wm. S. Merrell Co.) 
Emulsol- 6 () 0 B 
(Emulsol Corp.) 
Emulsol-606 
(Emulsol Corp.) 


Ci,H 23 —COO—C 2 H 4 —NH—CO— 
CH 2 —N(CH3)3C1 
Cetyl pyridinium chloride 

Lauryl pyridinium iodide 

Lauryl ester of glycine hydrochloride 


Anionic 


Cetyl sulfate 

(Procter and Gamble Co.) 
Duponol LS 
(E. I. du Pont) 

Triton W-30 

(Rohm and Haas) 

Triton 720 

(Rohm and Haas) 

Igepon T 

(General Dyestuffs) 

Igepon AP 

(General Dyestuffs) 
Nopcocastor 

(National Oil Products Co.) 
Tergitol-7 

(Carbon and Carbide Corp.) 
Drene 

(Procter and Gamble Co.) 
Sodium taurcholate 
(Pfanstiehl Co.) 


Sodium cetyl sulfate (Cie) 

Sodium oleyl sulfate (Cis) 

Sodium salt of alkylphenoxy ethyl sul¬ 
fonate 

Sodium salt of alkylphenoxy dialkoxy 
sulfate 

R—CO—N(CH 3 )—(CH2)2-S03Na 

R—COO—(CH2)2~S03Na 

76 per cent sulfonated castor oil 

Sodium alkyl sulfate (alkyl «* 3:9- 
diethyltridecanol- 6 ) (C 17 ) 

Triethanolamine lauryl sulfate 

Sodium taurocholate 
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(1937, 1938) has published some interesting results on the antiseptic, 
germicidal, and fungicidal properties of alkyldimethylbenzyl ammon¬ 
ium chloride (Zephiran). For example, when tested by the Food and 
Drug Administration standard technique, the substance was found to 
kill organisms when diluted 1 : 2,000 to 1 : 4,000 at 20°C. and 1 : 35,- 
000 to 1 : 96,000 at 37®C. in water; and when diluted 1 : 1,260 to 
1 : 5,000 at 20°C. and 1 : 3,250 to 1 : 8,750 at 37®C. in the presence of 
20 per cent serum. When the phenol coefficients were calculated for 
several organisms, the values in Table 40 were obtained. 

TABLE 40 

Germicidal Action of Alkyldimethylbenzyl Ammonium Chlorides in the 
Absence and Presence of Normal Horse Serum 

[From Dunn (1937)] 


Average Phenol Coefficients 
In Water In 20 Per Cent Serum 


Organisms 

20 ®C. 

37‘^C. 

20 ‘’C. 

37"C. 

Staphylococcus aureus 

279 

407 

54.2 

72 

EhertheUa typhosa 

250 

429 

23.0 

39.8 

Escherichia coli 

160 

358 

17.9 

31 

Streptococcus pyogenes 

435 

579 

63.6 

61.5 

Cryptococcus hominis 

214 

395 

.... 


Monilia albicans 

111 

274 

.... 

.... 

Trichophyton interdigitale 

30.8 


.... 

.... 

Microsporon lanosum 

400 

— 


.... 


Baker, Harrison, and Miller (1941) studied the effects of synthetic 
detergents and wetting agents on the respiration and glycolysis of 
several Gram-positive and Gram-negative bacteria. They drew the 
following conclusions: All of the cationic detergents in Table 39 are 
veiy effective inhibitors of bacterial metabolism at 1 : 3,000 concen¬ 
tration, and several are equally active at 1 : 30,000. Few of the anionic 
detergents inhibit as effectively as the cationic compounds. Gram¬ 
positive and Gram-negative bacteria were found to be equally sensitive 
to the action of the cationic determents. On the other hand, all the 
anionic compounds studied selectively inhibit the metabolism of Gram¬ 
positive organisms. The inhibitory action of both types of detergents 
is influenced markedly by hydrogen-ion concentration. Cationic de¬ 
tergents exhibit their maximum activity in the alkaline pH range, and 
the anionic, in the acid range [see also Gershenfeld and Milanick (1941)]. 
Studies of homologous series of straight-chain alkyl sulfates and sulfo- 
acetates (Cg to Cis) demonstrate that maximum inhibition is exerted 
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by the 12-, 14-, and 16-carbon compounds Gauryl, myristyl, and 
cetyl). It has been observed that three lauryl esters of amino acids 
are powerful inhibitors of bacterial metabolism. The effect of such 
cationic detergents (without the quaternary ammonium structure) 
has not been studied previously. Certain detergents were found to 
stimulate bacterial metabolism at concentrations lower than the inhib¬ 
iting values, this effect being noticed more frequently with the anionic 
detergents. 

Gershenfeld and his associates (1941) have studied the bactericidal 
effects of many wetting agents, which can be classified as synthetic 
detergents. They found, for example, that such compounds did not 
increase the bactericidal or bacteriostatic efficiencies of 16 phenolic, 
10 mercurial, and 2 halogen compounds. Some of their results are 
also discussed on pp. 244 to 245 on the relationship between surface 
tension and the action of disinfectants. 

Further studies of the germicidal action of quaternary ammonium 
salts and other anionic and cationic synthetic detergents have been 
made by Cowles (1938), Birkeland and Steinhaus (1939), Rawlins, 
Sweet, and Joslyn (1943), Joslyn, Yaw, and Rawlins (1943), and Ep¬ 
stein, Harris, and Katzman (1943). These workers have shown that 
the general configuration of the molecule is as important for the anti¬ 
bacterial effect as the nature of the individual constituents. They 
postulate that the R groups in the general formula, R 1 R 2 R 3 R 4 NCI, 
should consist of 1 long alkyl or similar group, 1 short aryl and 2 low 
alkyl radicals; the total number of carbon atoms of the long chain 
should be 12 to 16. The introduction of a halogen into the nucleus 
of the aryl group does not increase the antibacterial activity but may 
reduce it. 

Rawlins and associates employed some 30 quaternary ammonium 
salts in their study, and found one to be a much more potent bactericide 
and fungicide than the others. This compound is p-ferf-octylphen- 
oxyethoxyethyldimethylbenzyl ammonium chloride: 


CH3 


C8Hi7< ^^ ^ 0C3H40C2H4— N^H2< ^^ ^ 




\ 


CHa 


and has been introduced into conunerce under the trade name Phem- 
erol. For most bacteria tested in vitro, dilutions of 1 : 12,000 or more 
will kill in 5 minutes at 20 °C.; under similar conditions higher fun^ 
are killed by dilutions of 1 : 500 to 1 : 1 , 000 . 
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In recent years certain other biological effects of some of the synthetic 
detergents (especially the quaternary bases and the alkyl sulfates) 
have been studied rather extensively. For example, they have been 
shown to be relatively nontoxic for rabbits [Gershenfeld and Witlin 
(1941), to inactivate certain viruses [Stock and Francis (1940), Krueger 
(1942), Knight and Stanley (1944)], to lyse red blood cells and denature 
the hemoglobin, to denature egg albumin and serve as useful agents to 
extract certain photosensitive pigments, such as visual purple and 
chlorophyll [Anson (1939)], to neutralize tetanus toxin and diphtheria 
toxin in viirOj selectively to lyse Gram-negative bacteria [Bayliss 
(1937)], to render certain bacteria filterable [Kramer (1939)], to delay 
the clotting of oxalated human plasma by a staphylococcus culture, to 
inhibit fibrinolysis by a Group-A strain of hemolytic streptococcus 
[Neter (1942)], and to affect several other biological systems. 

The mode of action of the cationic detergents is apparently similar 
to the action of the toxic metallic ions and dye cations; that is, they 
function by the phenomenon of ionic exchange with bacteria and other 
bodies [see Albert (1942), Valko and DuBois (1944)]. 

SULFONAMIDE, SULFONE, AND OTHER SULFUR COMPOUNDS 

The growing success of the chemotherapeutic treatment of a number 
of bacterial diseases by means of different sulfonamides has stimulated 
a great deal of research in this field. Even a fragmentary discussion of 
the pertinent publications on this subject would far exceed the scope 
of this book. Therefore, only a few papers will be mentioned briefly; 
for further details the book by Long and Bliss (1939) and several re¬ 
views by Marshall (1939, 1940), Long (1940), Northey (1943), Henry 
(1943), Fosbinder (1944), and others, where the chemotherapeutic 
aspects of the problem are discussed in detail, should be consulted. 
In general, the sulfonamide compounds are bacteriostatic, rather 
than germicidal, w^hen tested in vitro, and for this reason they have 
no place as general disinfectants; however, under certain conditions 
these compounds act as bactericidal agents against susceptible bac¬ 
teria. ^t should also be emphasized that the sulfonamides act as in¬ 
hibitors towards cells of practically every variety. In other words, 
they are general cell inhibitors, and not merely bacteriostatic agents. 

Although a great many sulfonamide derivatives have been prepared 
and tested as chemotherapeutic agents, only a few are used at the 
present time. The most important of these compounds are listed in 
Table 41, together with their principal chemotherapeutic uses. Many 
new sulfonamide compounds are appearing, and as time goes on they 
will probably replace some of the substances listed in Table 41. 
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TABLE 41 

The Sulfonamide * Compounds and Theib Principal Uses 


Drug and Properties 

Formula 

Principal Uses 

Sulfanilamide 

(p-aminobenzenesulfon- 
amide), white crys¬ 
tals. 

M.P.: 164.5M67.0°C. 
Solubility: 1 g. in 125 
ml. H 2 O at 20 °C. 

0 H 

NHi— / V-l— ll-'-H 

Hemolytic 

streptococ¬ 

cus. 

Meningococcus. 

Sulfapyridine 

(2-sulfanilamidopyri- 
dine), white crystals. 
M.P.: 19r-194°C. 
Solubility: 54 mg. in 100 
ml. H 2 O at 37.5°C. at 
pH 7.1. 

Pyridine 

Pneumococcus. 

Gonococcus. 

Sulfathiazole 

(2-sulfanilamidothia- 
zole), white crystal¬ 
line powder (dimor¬ 
phic). 

M.P.: 168*^-175 °C. 
(prisms), 200- 
203.5^C. (rods). 

Solubility: 96 mg. in 100 
ml. H 2 O at 37.5‘‘C. 
at pH 7.1. 

0 H s—n 

Thiasole 

Pneumococcus. 

Gonococcas. 

Staphylococcus. 

Sulfaguanidine 

(suTf anilylguanidine), 
white crystalline pow¬ 
der. 1 

M.P.: 190°-192.5°C. 
Solubility: 220 mg. in 100 
ml. H20at37.5°C. 
at pH 7.1. 

0 II NH 2 

NH 2 —^l-N-C'^ 

0 NH 

Guanidine 

Dysentery. 

Sulfadiazine t 

(2-sulf an ilam idopy ri m i- 
dine), white crystals. 
M.P.: 253°-256°C. 
Solubility: 12.3 mg. in 
100 ml. H 2 O at37°C. 

pyrimidine 

Pneumococcus. 

Staphylococcus. 

Sulfamyd 

(p-aminosulfonylacetyl- 
imide or sulfaceti- 
mide), white crystals. 
M.P.: 181°-182^C. 

Solubility: 1 : 100 at 
room temperature. 

0 H 

NHjr-/ V-i— N-i-COCHa 

Aoetimide 

Urinary tract 
infections, 
especially 
those due to 
Escherichia 
coli. 

Gonococcus. 


♦ Sulfonamides may be considered derivatives of sulfanilamide when a hydrogen 
atom is replaced by a radical or ring structure. 

Recently a number of N^-acyl derivatives of the sulfonamides have been used 
with considerable success as intestinal antiseptics Isee Poth and Ross (1943)]. Of 
these, sulfasuxidine fsuccinylsulfathiazole) ana sulfathaUdine (phthalylsulfathiazole) 
show a great deal ot promise as chemothcrai^utic agents for treating dysentery. 

t The monomethyl derivative, sulfamerazine (sulfamethyldiazine or ^ulfamil- 
amido-4-methylpyrimidine), and the dimethyl derivative, sulfamethazine (sulfa- 
dimethyldiazine or 2-8iilfanilamido-4:6-dimethylpyrimidine), of sulfadiazine have 
been used with considerable success to treat a number of diseases. 
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The sulfonamides, like other cell inhibitors, are influenced by en¬ 
vironmental conditions. For example, the structure of the drug and 
its concentration, the size of the inoculum, the age and nature of the 
culture, the composition of the medium and its pH, and the tempera¬ 
ture of incubation must be taken into consideration when experimental 
studies are being made with these compounds. Henry (1943) has dis¬ 
cussed these factors in some detail, and his review should be consulted 
for additional reading on this subject. 

Although a number of theories have been suggested to explain the 
mode of action of sulfanilamide and sulfapyridine, little or nothing is 
known about the action of some of the newer compounds. It should 
also be borne in mind that, although the activity in vivo of the better- 
known compounds appears to be directed solely against the invading 
microorganisms, the recovery of the infected host seems to entail two 
factors: the drug factor and the host factor. In other words, although 
the drug can bring the infection under control, it requires the coopera¬ 
tion of the host’s defense mechanism to dispose of the infectious agent. 
Since the host factor is a medical problem and hence does not concern 
us, no further discussion on this subject will be given here. The drug 
factor includes the ability of these compounds to inhibit the growth 
of, or possibly actually kill, susceptible bacteria, as well as their power 
to neutralize the harmful effects of the toxic products of certain micro¬ 
organisms. However, whether sulfanilamide or its derivatives have 
the power of inactivating bacterial toxins is a matter of dispute. 

One of the first theories advanced to explain sulfonamide inhibition 
was based upon data which tended to indicate that oxidative changes, 
in which molecular oxygen played a role, were responsible for the con¬ 
version of p-aminobenzenesulfonamide (sulfanilamide) to some truly 
active compound, such as p-hydroxylaminobenzenesulfonamide [see 
Mayer (1937), Shaffer (1939)]. Probably the greatest single evidence 
against this theory is that p-aminobenzoic acid is unable to antagonize 
the action of sulfonamide oxidation products and derivatives [Rosen¬ 
thal (1943), Henry (1943)]. 

As soon as the hypothesis appeared that the active agent of sulfona¬ 
mide action was some oxidation product of the parent compound, a 
second theory was proposed [see Henry (1943)]. This theory was 
based on the oxidation-reduction potential changes occurring in cultures 
during sulfonamide action. Preliminary investigations suggested that 
sulfonamides, in their oxidized form, might poise the Eh of the bacterial 
cultures at levels too high to permit bacterial multiplication. This 
theory may be of some importance, but it is considered less likely today, 
since it has been shown that the sulfonamides will also act at low 
Eh levels. 
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The third theory dealing with the mode of action of sulfonamides was 
the anticatalase theory advanced by Locke, Main, Mellon and their 
associates (1938, 1939). These investigators noted that oxidized prod¬ 
ucts of sulfanilamide possessed the power of inactivating catalase. It 
has been known for a long time that, if catalase is inactivated in cultures 
of pneumococci, peroxide accumulates rapidly and may reach a concen¬ 
tration that is bactericidal for the cells. Thus these workers reasoned 
that, if oxidized sulfanilamide formed an inactive complex with catalase, 
peroxide would accumulate and would destroy the bacteria or inhibit 
their growth. Among the arguments which refute this hypothesis are: 

(1) some peroxide-resistant organisms are sulfonamide-sensitive; and 

(2) sulfonamides act in the absence of conditions necessary for the 
formation of peroxide, that is, under anaerobic conditions. 

The fourth theory of importance concerning the mode of action of 
sulfonamides may be spoken of as the sulfonamide-antagonists theory. 
One of the most unusual facts about sulfonamide action is that certain 
substances can counteract it. Several explanations of sulfonamide 
action have therefore evolved around this point. 

Woods (1940), Woods and Fildes (1940), and Fildes (1940) first dem¬ 
onstrated that p-aminobenzoic acid counteracts sulfonamide inhibition 
of bacterial growth, and since that time their observation has been con¬ 
firmed by many workers, using a variety of experimental conditions [see 
Henry (1943)]. Woods and Fildes believed that sulfonamides function 
by interfering with the essential metabolite, p-aminobenzoic acid, and 
thereby inhibit grow^th. They further proposed that such inhibition 
requires an inhibitor closely related structurally to the essential metabo¬ 
lite so that it can fit the same enzyme, but sufficiently unrelated to be 
an inadequate substitute for the essential metabolite. Their theory 
is thus based on the existence of a competition between sulfanilamide 
p-aminobenzoic acid for an enzyme surface. This theory has been 
widely accepted by investigators in the field because it correlates very 
nicely with many experimental observations. 

No one disagrees with the fact that p-aminobenzoic acid counter¬ 
acts the inhibitory action of certain sulfonamides, but others are 
resistant. Also, it should be pointed out that more recent observations 
on the antagonism of sulfonamides by various substances, other than 
2>-aminobenzoic acid, are difficult to explain by this theory. For 
example, such substances as methionine and some other amino acids, 
purines, glucose, urethane, and coezymes, have been shown to counter¬ 
act certain sulfonamides under experimental conditions [see Long 
(1941), Harris and Kohn (1941), Henry (1943), Rantz and Kirby 
(1944), Fohlen (1944), and Sevag and Green (1944)]. Whether these 
substances antagonize by specific interference as does p-aminobenzoio 
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acid, form inactive complexes with the sulfonamides or with certain 
cellular proteins, such as enzymes, or serve merely as growth stimulants 
has not been fully elucidated. These facts and others, however, cannot 
be ignored. Thus all that can be said is that, because of additional 
data brought to light since the initial observations by Woods and Fildes, 
this theory must be accepted with reservations until more facts are 
available. 

More recently, two other theories have been advanced to explain the 
mode of action of sulfonamides. Klotz (1944) believes that the in¬ 
hibition of bacterial growth by sulfonamides may be accounted for 
quantitatively by assuming that the action is due to a reversible com¬ 
bination between the basic form of the drug and the neutral form of the 
cellular protein, such as enzymes, and that the law of mass action is 
applicable. Sevag and Green (1944) and others have foimulated a 
theory based upon experimental data which show that sulfonamides 
inhibit certain respiratory enzymes. For example, Sevag and Green 
determined the effect of sulfonamides on the metabolism of tryptophan 
by Staphylococcus aureus and came to the conclusion that sulfonamides 
inhibit the oxidative-reductive reactions leading to the synthesis of 
tryptophan but are incapable of inhibiting the utilization of tryptophan 
when it is added to the medium. Future studies along these two lines 
will probably elucidate the true mechanism (or mechanisms) of sul¬ 
fonamide action. 

Not all the sulfur compounds which are active antibacterial agents 
are sulfonamides; a number are sulfones, sulfoxides, and sulfides. 
Promin (sodium p,p'-diaminodiphenyl sulfone-N,N'-didextrose sul¬ 
fonate), Diasone (disodium formaldehydesulfoxylate diaminodiphenyl 
sulfone), and other compounds of the sulfone series seem to offer con¬ 
siderable promise at the present time as chemotherapeutic agents for 
treating experimental tuberculosis in guinea pigs [see Feldman and 
Hinshaw (1943), Raiziss (1943)]. However, Promin and other sulfones 
do not exhibit as strong a bacteriostatic action on human tubercle bacilli 
in vitro as do benzophenone and some of its derivatives [Freedlander 
(1942)]. 

The bacteriostatic, bactericidal, fungistatic, and fungicidal action of 
51 organic sulfur derivatives was studied by Everitt and Sullivan 
(1940). Of this group of compounds fungistatic activity was mani¬ 
fested by phenylthioarsenite, 4-chloro-2-nitrophenyl sulfur amine, 
1:2-naphthoquinone-4-sodium sulfonate, and sulfanilamide. Fungi¬ 
cidal activity was exhibited by mercaptobenzothiazole and phenylben- 
zothiazole. Bacteriostatic action was very marked with phenothioxine, 
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and bactericidal activity was displayed by mercaptobenzothiazole. 
Almost all the other compounds tested were ineffective. 

THE DYES AND RELATED COMPOUNDS 

The natural dyes and the coal-tar dyes and related compounds have 
played an important role for many years in the study of bacteria and 
other microorganisms. Since the early days of the science they have 
been employed to stain bacteria in order to make the cells more readily 
visible under the microscope, and in more recent years they have 
also been used extensively in differential culture media as pH and oxida¬ 
tion-reduction potential indicators and as antiseptics and disinfectants. 
The literature on this subject is so voluminous that it is impossible 
here to give it a just analysis. For details Conn^s book, Biological 
Stains (1940), which contains much interesting and valuable informa¬ 
tion, should be consulted. A brief general discussion on the nature and 
classification of the compounds will now be given and mention will be 
made of their use as stains and antiseptics, or for other purposes. Most 
of the information on the next few pages has been adopted from the 
book by Conn. 

Definition and Classification of the Dyes. In the early days of 
bacteriology the natural dyes were used extensively, but they have 
been gradually replaced by S 3 mthetic compounds derived from one or 
more substances found in coal tar, especially derivatives of the cyclic 
compound benzene (CeHe). A dye is usually defined as an organic 
compound containing both auxochrome and chromophore groups 
linked to benzene rings. The chromophore group is regarded as being 
responsible for the colored properties of the compound in which it 
occurs, whereas the auxochrome radical gives the compound its prop¬ 
erty of electrolytic dissociation and its affinity for other substances. 
Many chemical compounds containing a benzene ring are colored be¬ 
cause they have a chromophore group in their molecule; they are not 
dyes, however, because they lack the auxochrome group. These points 
can be clearly illustrated with the simple nitro compounds. If three 
hydrogens in a benzene ring are replaced by three nitro groups, trini¬ 
trobenzene is formed: 



NO9 
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Such a nitro derivative of benzene is pale yellow in color because of 
the chromophore groups (—NO 2 ), although it is not a dye because it 
lacks the property of electrolytic dissociation and does not form salts 
with acids or bases. It is true that such a compound may form a colored 
coat around cells, but this phenomenon is only mechanical, and the 
color can be easily removed by mechanical processes. In other words, 
there is no “take.^^ If, however, an auxochrome group, such as (—OH), 
is substituted for another hydrogen atom in the trinitrobenzene mole¬ 
cule, the compound 2:4:6-trinitrophenol (known as picric acid) is 
formed: 



NO 2 


This compound is a typical acid dye and belongs to the group known 
as the nitro dyes. It is still yellow in color because of the chromophore 
groups (—NO 2 ) and is capable of being dissociated electrolytically, 
forming phenolates with bases. Furthermore, it dyes fibers and tissues 
by virtue of its auxiliary auxochrome hydroxyl group (—OH). < 

The dyes may be divided into two large groups: the natural and the 
synthetic dyes. The natural compounds are of little significance today, 
since they have been replaced to a large extent by synthetic compounds. 
Thus we need not concern ourselves here with their taxonom 3 ^ At¬ 
tempts have been made to classify the synthetic dyes on the basis of 
specific color, but such a method has certain inherent difficulties. 
The most useful method is one which puts together those compounds 
having a similar chemical structure. Conn (1940) used this procedure 
and allocated the important biological dyes into seven groups. These 
groups, together with certain examples, are listed in Table 42. The 
solubilities of several of these dyes at 26°C. are shown in Table 43. 

Auxochrome Groups. All true dyes must contain at least one 
auxochrome radical. The auxochrome groups may be either acidic or 
basic in character. Specific examples are the acidic hydroxyl group 
(—OH) and the basic amino group (—NH 2 ). The hydroxyl group is 
acidic because of its ability to form hydrogen ions by electrolytic 
dissociation; the amino group owes its basic character to the property 
of its nitrogen atom to become pentavalent in aqueous or acid solutions. 
The greater the number of either one of these two radicals in a com¬ 
pound, the stronger acid or base the compound becomes. If there is 
one of each, the basic character of the amino group prevails but is con- 
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siderably weakened by the influence of the acidic hydroxyl group. The 
strength of both groups is also influenced by other groups or atoms in 
the compound. For example, the chromophore radical (—NO 2 ) is 
not able in itself to give acid properties to a compound, although it 
helps to make any hydroxyl group in a compound more strongly acidic. 
The sulfonic group (—SO 2 OH) may also be present in certain dyes. 
The group is strongly acidic in character and possesses salt-forming 
properties. This radical, however, is so weakly auxochromic that 
compounds which contain it and a chromophore group are not dyes 
unless they contain in addition a true auxochrome group. 

From the preceding discussion it might be assumed that all dyes are 
acids or bases. This is not strictly so, because commercially dyes are 
prepared in the form of salts. Usually the acid dyes are prepared as 
their sodium, potassium, calcium, barium, or ammonium salts. The 
basic dyes are prepared as salts of colorless acids, such as acetic, oxalic, 
hydrochloric, or sulfuric. Both the so-called acid and base dyes are 
employed in the study of bacteria. The acid dyes seem to have an 
affinity for cellular cytoplasm and stain such materials intensely, 
whereas the basic dyes exhibit their greatest aflinity for the nuclear 
material of cells. 

Chromophore Groups. According to definition, every dye must 
contain at least one chromophore group. It is this group or groups 
which give a compound its color. The chromophores, like the auxo- 
chromes, may be either acidic or basic in nature. A few of the groups 
will be mentioned here for illustrative purposes. 

The acid chromophore group includes: 

1. The nitro group (—N O 2 ), as found in picric acid- 

2. The quinoid ring, ^ found in the indamines, the 

xanthenes, and the di- and triphenylmethanes. Included in these 
groups are such well-known stains as rosolic acid and acid fuchsin. 

The basic chromophore groups include: 

1. The azo linkage (—N==N—), where a benzene ring is attached to 
each nitrogen atom: 



All the dyes of this group may be considered derivatives of azoben¬ 
zene; the group includes such well-known dyes as Congo red, methyl 
orange, and Bismarck brown. 
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TABLE 42 

Classification of the Synthetic Dyes 

[Data from Conn’s Biological Stains and Salle’s Fundamental Principles of 

Bacteriology] 


Classification 


I. The nitro dyes 
Picric acid 


II. The azo dyes 

1. Janus green 

2. Bismarck brown 

3. Congo red 

4. Methyl orange 

5. Methyl red 

6. Sudan III 


Base Chromophore Group Derivation, etc. 
Dye 


The chromophore is —NO 2 , which is 
Acid strongly acidic. 

OH 

02Nf^N0j 


NO 2 

Picric acid 


The chromophore, —N—N—, 

Base benzene or naphthalene rings. 

Base N=N 

Acid / \ 

Weak X X 

0 0 

Weak ^ ^ 

I acid possible for the chromophore to 

' ^ occur more than once, forming diazo 
dyes: 

N=N 


III. The anthraquinone dyes 
Alizarin 


N=N 

Groups in the benzene ring are usually 
in the p-position to each other. Ordi¬ 
narily this also holds for auxochrome 
groups (—OH or —NH 2 ). 

The oxyquinoid ring is the most impor¬ 
tant chromophore. The dyes are de¬ 
rivatives of anthracene: 


through the oxidized compound an¬ 
thraquinone: 

O 


O 
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TABLE 42 {CorUinued) 

Classification of the Synthetic Dyes 

[Data from Conn^s Biological Stains and Sallees Fundamental Principles 
of Bacteriology] 


Chromophore Group Derivation, etc. 



IV. The quinonimide dyes 

1. The indamines (not com¬ 
mon as biological stains) 


The dyes of this group contain two 
chromophores, the indamine group 
—N=, and the quinoid ring: 


They are derivatives of the theoretical 
compound p-quinondiimide: 


2. The thiazines (important 
in biology) 

a. Thionmc Biise 

b. Methylene azure Base 

c. Methylene blue Base 

d. Methylene green Base 

c. Toluidine blue O Base 

3. The oxazines 

a. Brilliant cresyl blue Base 

b. Cresyl violet Bjise 

c. Nile blue sulfate Base 


In a typical formula one of the hydro¬ 
gen atoms is replaced by a pnenyl 
group: 




The thiazines have a sulfur atom at¬ 
tached to both the phenyl and the 
quinone groups to form a third closed 
ring: 

f^-S-/\=NH 


In the oxazines the sulfur of the thia¬ 
zines is replaced by an atom of oxy- 
gen: 

/\-0-/\=NH 


4. The azincs | 

a. The amidoazines | 
Neutral red 

b. The safranines (one 
nitrogen in azine group 
is pentavalent and has 
another benzene ring 
attached to it) 

Safranine O 

c. The indulines (more 
highly phenylated 
than the safranines) 
Nigrosine 


The azines are derivatives of phenazine. 
Two formulas are possible: 


In the first formula the quinoid ring ' 
the chromophore; in the second fo: 
mula the azme group: 

—N— 

is the chromophore_ _ 
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TABLE 42 (Contimied) 

Classification of the Synthetic Dyes 

[Data from Conn^s Biological Stains and Salle’s Fundamental Principles 
of Bacteriology] 
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TABLE 42 (CorUiniLed) 

Classification of tiie Synthetic Dyes 

[Data from Conn’s Biological Stains and Salic’s FundamerUal Principles 
of Bacteriology] 


Chromophore Group Derivation, etc. 



VI. The xanthene dyes 

A number of acidic and 
basic dyes, as well as many 
important indicators belong 
to this group. 

1. The pyronine dyes 
Pyromne B and Y 


The xanthenes are derivatives of the 
compound xanthene: 


H H 

The pyronines are methylated or ethyl¬ 
ated diamino derivatives of xanthene. 
They are closely related structurally 
to the diphenylmethanes and the 


f=N— i 


2. The rhodamine dyes 
Rhodamiue B 


3. The fluorane dyes 

a. Eosin Y 

b. Eosin B 

c. Mercurochrome 220 

d. Erythrosin Y 

e. Erythrosin B 

f. Phloxine B 

g. Rose bengal 


The rhodamines are similar to the pyro- 
nines, except that they contain an¬ 
other benzene ring with a carboxyl 
group ill the o-position: 

CsHb CzHe 


Rhodamine B 

The fluorane dyes are derivatives of 
fluorane. Fluorane itself is not a dye, 
but, by introducing —OH groups and 
halogen atoms at various positions in 
the benzene rings, dyes arc formed. 


Fluorane 
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TABLE 42 {Continued) 

Classification op the Synthetic Dyes 

[Data from Conn’s Biological Stains and Salle’s Fundamental Principles 
of BacteriologyX 


Classification 


Acid 

or 

Base 

Dye 


Chromophore Group Derivation, etc. 


4. Phenolphthalein and the 
sulfonephthalcin dyes 

a. weto-Cresol purple. 
Color change: 

acid ranges red to yel¬ 
low; alkaline ranges 
yellow to purple 

b. Thvmol blue 
Color change: acid 
rangey red to yellow; 
alkaline ranges yellow 
to blue 


pK* 

1.5, 

8.3 


1.5, 

8.9 


A phthalein is a compound of phthalic 
anhydride: 

O 

/ 

o 

with phenol or a derivative of phenol. 
A sulfonephthalcin is a compound of 
o-sulfobenzoic acid. 



SO3H 


COOH 


c. Bromophenol blue. 
Color change: yellow 
to blue 

d. Chlorophenol red. 
Color change: yellow 
to red 

e. Bromophenol red. 
Color change: yellow 
to red 

f. Bromocresol purple. 
Color change: yellow 
to purple 

g. Bromochlorophenol 
blue. 

Color change: yellow 
to purple 

h. Bromocresol green. 
Color change: yellow 
to blue 

i. Bromoth 3 rmol blue. 
Color change: yellow 
to blue 

j. Phenol red. 

Color change: yellow 
to red 


4.1 


6.0 


6.2 

6.3 


with phenol or a phenol derivative. 
Phenolphthalein apparently has the 
following formula. It is not used as 



4.0 


Sulfonephthaleins have no practical sig¬ 
nificance as dyes. Their real use is 
as indicators. The basic structure is: 


4.7 

7.1 

7.9 



* The color change of an indicator takes place within a short range on each side 
of that point in the H-ion scale at which the dye is 50 per cent dissociated. This 
pH value is denoted by the S 3 rmbol pK. (See pp. 75 and 78 of Chapter 1.) 
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TABLE 42 {Continued) 
Classification op the Synthetic Dyes 


[Data from Conn's Biological Stains and Salle's Fundamental Principles 
of Bacteriology] 


Classification 

Acid 

or 

Base 

Dye 

1 

Chromophore Group Derivation, etc. 

k. Cresol red. 

Color change: yellow 
to red 

8.3 


1. Cresolphthalein. 

Color change: Color¬ 
less to red 

9.4 


m. Phenolphthalcin 

Color change: Color¬ 
less to red 

9.7 


VII. The acridine dyes 

Small groiif) of dyes closely 
related to xanthencs. Not 
of much interest to biolo¬ 
gist, although used some¬ 
what as disinfectants. 


The acridines are derived from acri¬ 


dine: 

01^10 

Acriflavinc 

Base 

a compound closely related to xan- 
thene. 


2. The azine linkage: 

—N— 

I 

—N— 

is present in the phenazines, of which the safranins and nigrosine are 
good examples. This chromophore is capable of several rearrangements 
of its valency bonds. For instance, two benzene or a benzene and a 
quinone ring may be joined by the nitrogen atoms, thus: 



3. The indamine linkage (—N=), is present in the indamines, thia- 
zines, oxazines, and other dyes. Usually two benzene rings are attached 
to the nitrogen atom, one of them being in the quinoid form and thus 
adding another chromophore. A typical indamine may have the fol¬ 
lowing basic structure: 

^nh2 
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The thiazines have the two rings further joined together by a sulfur 
atom. Methylene blue, the best example of this class, has the following 
nucleus: yv -S— 


NH 



The oxazines have the benzene and quinoid rings joined together by 
the indamine linkage and by an oxygen atom, thus: 



Nile blue sulfate is an example in which this linkage is present. 

Further data on these groups will be found in Table 42, based on 
Conn^s (1940) classification of the dyes. 

Reduction of Dyes to Leuco Compounds. Although the chrom- 
ophore groups may differ considerably in structure, they all have one 
property in common, namelj'^, unsatisfied affinities for hydrogen. 
Hence they are easily reduced by combining with hydrogen at the 
double bonds. The nitro group may be reduced to an amino radical; 
sometimes the double bonds of the quinoid ring may break and allow 
hydrogen atoms to become attached to the freed valences. In all these 
cases the reduction destroys the chromophore group, and the compound 
loses its specific color. It can thus be seen that a dye retains its char¬ 
acteristic color only as long as its affinity for hydrogen is not completely 
satisfied. Once this affinity has been fulfilled, however, colorless, or 
leuco, compounds are formed. Dyes may, therefore, be employed as 
indicators of oxidation and reduction. Two examples, the reduction 
of fuchsin and the reduction of methylene blue, will illustrate the type 
of change which takes place: 


CH3 



+ Ha -4 


CHs 
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CHs CI 2 CH 3 



I^ucomethylene blue 

These reactions are reversible under conditions favoring oxidation, 
that is, in the presence of oxygen or air. Other compounds, known as 
leuco bases, are often formed in certain dye processes, but they are of 
little significance to the bacteriologist. 

Use of Dyes as Bacterial Stains. Since the true bacteria are 
colorless and rather difficult to see when viewed with the microscope, 
they are usually first treated by a special staining procedure. Such a 
procedure may not only intensify their gross structure but reveal cer¬ 
tain bodies embedded in their protoplasm as well. This information is 
often of great help in classifying certain organisms. 

Two main theories have been advanced to explain the phenomenon 
of staining bacteria and other substances. One theory has a chemical 
basis; the other is based on physical phenomena. At first thought it 
would seem that the purely chemical theory is the most logical, because 
it is believed that some parts of the cell are acid in reaction, whereas 
others are alkaline. Inasmuch as in certain dyes the color exists in the 
cation (basic dyes) and in others in the anion (acid dyes), it is natural 
to expect chemical combinations to take place betw^een the dyes and 
the bacteria, depending upon the reaction of the bacteria. However, 
until Ave know something about the chemical nature of the various 
cellular elements, it is diflScult to draw any conclusions concerning the 
affinities of the various stains for the cellular components. The ex¬ 
ponents of the physical theory have carefully pointed out that all the 
observed facts can be explained by such physical forces as capillarity 
and osmosis, absorption and adsorption. (For a discussion of how ad¬ 
sorption enters into this problem see pp. 35 to 41 on adsorption.) 
Evidence is still lacking to prove or disprove the physical theor>% on 
the one hand, and the chemical theory, on the other; possibly both play 
important roles. The difference, perhaps, is not one of immense im¬ 
portance, since both teach about the same practical lessons concerning 
the type of dye to select for any particular puipose and the influence of 
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various factors upon the rate or intensity of staining. Often certain 
substances which cause organisms to take up more of the dye than they 
would under normal conditions are added to staining solutions. These 
substances, which are spoken of as intensificrs, include acids, alkalies, 
aniline oil, and phenol. The heating of preparations during the staining 
procedure will often produce the same result. Mordants are sometimes 
used in the staining process. They are merely substances which have a 
strong chemical affinity for both the substrate and the dye; they often 
make it possible to stain objects which would not otherwise take the 
dye. 

TABLE 43 

Solubilities op Several Common Dyes at 26 °C. 

[From Conn (1940)] 


C.I. * 


Per Cent Soluble in 

Number 

Name of Dye 

Water 

95% Alcohol 

7 

Picric acid 

1.18 

8.96 

133 

Janus green 

5.18 

1.12 

142 

Methyl orange 

0.52 

0.08 


Methyl orange (acid) 

0.015 

0.015 

248 

Sudan III 

Nil 

0.15 

331 

Bismarck brown Y 

1.36 

1.08 

370 

Congo rod 

Nil 

0.19 

1,027 

Alizarin 

0.0 

0.125 

920 

Thioninc 

0.25 

0.25 

922 

Methylene blue (ZnCh double salt) 

2.75 

0.05 


Methylene blue (chloride) 

3.55 

1.48 

924 

Methylene green 

1.46 

0.12 

925 

Toluidine blue 0 

3.82 

0.57 

825 

Neutral red (chloride) 

5.64 

2.45 

841 

Safranine 

5.45 

3.41 

657 

Malachite green (oxalate) 

7.60 • 

7.52 

676 

pora-Rosaniline (chloride) 

0.26 

5.93 


paro-Rosaniline (acetate) 

4.15 

13.63 


Rosaniline (chloride) 

0.39 

8.16 

680 

Methyl violet 

2.93 

15.21 

678 

New fuchsin (chloride) 

1.13 

3.20 

681 

Crystal violet (chloride) 

1.68 

13.87 

741 

Pyronine B (iodide) 

0.07 

1.08 

749 

Rhodamine B 

0.78 

1.47 . 

768 

Eosin Y (Na salt) 

44.20 

2.18 

771 

Eosin B (Na salt) 

39.11 

0.75 

773 

Erythrosin (Na salt) 

11.10 

1.87 

774 

Phloxine (Na salt) 

50.90 

9.02 

779 

Rose bengal (Na salt) 

36.25 

7.53 


* C.I. refers to Colour IndeXy edited by F. M. Rowe, published by the Society of 
Dyers and Colourists, Bradford, Yorkshire, England. 
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Use of Dyes in Culture Media. Many media are now available 
in which various dyes have been incorporated to aid in the isolation 
and recognition of bacteria. Such media find their greatest application 
in the field of sanitary bacteriology, where such well-known media as 
eosin-methylene blue agar, Endows medium, Dominick-Lauter medium, 
Conradi-Drigalski agar, Salle’s crystal violet-lactose broth, brilliant 
green-bile media, and others have been developed for the detection of 
Escherichia coli. Crystal violet and other dyes are often added to 
media for the isolation of the tubercle bacillus. The best known of 
these is probably Petroff’s egg medium, to which is added 0.01 per cent 
crystal violet. It is also possible sometimes to distinguish between 
Brucella melitensis^ Brucella abortus, and Brucella suis on the basis of 
their ability to grow in the presence of certain aniline dyes. AVithout 
entering into the details of the technique, we may say that the general 
procedure consists of preparing plates of liver agar, pH 6.6, containing 
1 : 30,000 and 1 : 60,000 thionine, 1 : 25,000 and 1 : 50,000 basic 
fuchsin, 1 : 50,000 and 1 : 100,000 methyl violet, and 1 : 100,000 and 
1 : 200,000 pyronine. (The dyes used must be obtained from the 
National Aniline Chemical Company of New York.) After inoculation 
and incubation in 10 per cent CO 2 , the following general behavior of 
the species may be expected. Strains of B. melitensis usually grow to 
some extent in the presence of all four dyes; B, abortus strains are in¬ 
hibited by thionine but grow freely in the presence of the other three; 
J3. suis strains grow well in the presence of thionine but are inhibited by 
basic fuchsin, methyl violet, and pyronine. Though this is the general 
behavior of the three species, there is considerable variation between 
different strains of the same species, especially those coming from 
different parts of the world. For this reason reliance on the method is 
questioned by many workers. Dyes or indicators are also frequently 
added to media to detect the lipolytic activity of microorganisms. 
For further details and references to the literature concerning the use 
of dyes in culture media the papers by Salle (1927), Petroff and Gump 
(1935), Chapman and Berens (1935), Chapman (1936), Ritter (1940), 
and the book by Huddleson (1934) should be consulted. 

Use of Dyes as pH and Oxidation-Reduction Potential Indica¬ 
tors. Dyes of various types, especially xanthene dyes, are now widely 
used for the colorimetric determination of pH and oxidation-reduction 
potentials. We have just mentioned how certain dyes can undergo 
oxidation and reduction with a corresponding change in color; further 
details on this subject will be found on pp. 52 to 64 of Chapter 1. 

Bacteriostatic and Antiseptic Action of Dyes. Churchman 
(1912) was the first person to investigate thoroughly the harmful action 
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of dyes on bacteria, although several studies had appeared before this 
date. He found that their action was more inhibitory than germicidal 
and that varying amounts of dye might produce ‘‘cessation of mobility, 
genesistasis, inhibition of sporulation, and suspension of animation.” 
Working with gentian violet, he observed that, if five drops of a satu¬ 
rated aqueous solution were added to broth cultures of various organ¬ 
isms, the mixtures were allowed to remain for an hour, and transfers 
were made to fresh agar, the Gram-negative bacteria multiplied satis¬ 
factorily, but the Gram-positive forms failed to grow. Churchman 
next tested a great many different bacteria to determine if there was a 
perfect correlation between Gram-positiveness and the bacteriostatic 
action of gentian violet. This was found not to be the case; about 90 
per cent of the Gram-positive bacteria was killed by gentian violet or 
failed to grow in media containing it, but the remaining 10 per cent, 
comprising principally the acid-fast group, was not affected. Simi¬ 
larly, though approximately 90 per cent of the Gram-negative species 
was resistant to the dye, the remaining 10 per cent was susceptible. 

Since this early work of Churchman, a number of studies have been 
carried out on the antiseptic or bacteriostatic properties of dyes [see 
Kligler (1918), Churchman (1926), Gay and Morrison (1921), Browning 
(1930, 1943), Petroff and Gump (1935), Chapman (1936), Salle, 
Schechmeister, and McOmie (1940), Smith (1942), Rubbo, Albert, and 
Maxwell (1942), Panjaand Ghosh (1943), Brownlee and Tonkin (1943), 
Lawrence (1943), Martin (1944)^ and others]. Several of these studies 
have been conducted in the hope of using dyes for the therapeutic 
treatment of wounds and infections. Unfortunately not all the expec¬ 
tations of the advocates have been fulfilled, although the future looks 
brighter than it did 5 to 10 years ago [see Rubbo, Albert, and Maxwell 
(1942), Browning (1943), and Martin (1944)]. At the present time the 
most promising group of antiseptic dyes is the acridines. For example, 
certain of the mono- and diaminoacridines strongly inhibit various 
bacteria. Some of the most active of these compounds are (Rubbo, 
Albert, and Maxwell (1942), Lawrence (1943), Silverman and Evans 
(1943), and Martin (1944)], 2-aminoacridine, 5-aminoacridine, 2:8-di- 
aminoacridine (proflavine), 2-ethoxy-6:9-diaminoacridine (Rivanol), 
and 3-chloro-7-methoxy-9-(l-methyl-4-diethylamino) butylaminoacri- 
dine-2HCl (Atabrine). Silverman and Evans have also made the in¬ 
teresting observation that the inhibition of Atabrine for Escherichia 
coli can be nullified by the naturally occurring amines, spermidine and 
spermine, as well as by several synthetic polyamines. The mechanism 
of tins counteraction has not been elucidated. 
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The dilutions at which several dye compounds are bacteriostatic and 
lethal for bacteria are given in Tables 44 and 45. More recent data 
have been published by the workers previously mentioned, but the 
figures in the tables are suflScient to illustrate the action of dyes on 
bacteria. 

According to Steam and Steam (1924), Albert (1942), and others, 
dyes exhibit their staining and antiseptic powers by the phenomenon 
of ionic exchange with cells. The cells are rendered partially or com¬ 
pletely inactive by this exchange. Thus, the acid dyes, such as acid 
fuchsin, act through interaction of their acidic ions with the basic 
groups of bacteria to form feebly ionized compounds: 

BP—NH 2 + Na+A” + H 2 O BP— NH3A + Na+OH~ 

where BP refers to the bacterial protein wdth a free amino group, and 
A stands for the anion of the dye. In a similar manner the so-called 
basic dyes, such as the polyphenylmethanes (brilliant green, crystal 
violet, etc.) and the acridines (proflavine, acriflavine, 5-aminoacridine, 
etc.), owe their activity to their bavsic ions, which interact with the 
acidic groups in bacteria to form slightly ionized complexes: 

BP— COOH + c+cr BP— cooc + H+cr 

where C stands for the high-molecular-weight cation of the dye. 

TABLE 44 

Highest Dilutions op Various Dyes Which Show Bacteriostatic Action 

[From Petroff and Gump (1935)] 

Diplo- 

coccus 



Staphylo- 

Sirepto- 

pneu- 

Strepto- 

Shigella 



coccus 

coccus 

moniae, 

coccus 

dysen- 

Vibrio 

Compound 

aureus 

pyogenes 

type I 

fecalis 

teriae 

comma 

Gentian violet 







(methyl violet) 

50,000 

60,000 

60,000 



. 

Ethyl violet 

50,000 

50,000 

50,000 

25,000 



Brilliant green 

100,000 

100,000 

200,000 

25,000 

100,000 

100,000 

Basic fuchsin 

25,000 

60,000 

50,000 

25,000 

25,000 

10,000 

Acridine yellow 

25,000 

100,000 

100,000 


25,000 

10,000 

Proflavine 

50,000 

100,000 

100,000 

25,000 

10,000 

5,000 

Neutral acriflavine 

100,000 

100,000 

100,000 

25,000 

50,000 


Acriviolet 

60,000 

100,000 

100,000 

25,000 

50,000 

10,000 

Creayl violet 

100,000 

60,000 

150,000 

25,000 

10,000 


Methylene blue 

100,000 

100,000 

200,000 

50,000 

5,000 


Ethylene blue 

100,000 

150,000 

300,000 

25,000 

10,000 


n^Propylene blue 

100,000 

160,000 

300,000 

25,000 

6,000 

5,000 
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It is of interest to mention here that the anionic and cationic syn¬ 
thetic detergents as well as other substances, such as heavy metal 
salts, apparently exhibit their activity in a similar manner. In fact, 
Valko and DuBois (1944) have presented experimental data to show 
that all these substances act in a similar manner. 

Several workers have observed that, in general, the basic dyes, which 
belong to the group of so-called cationic antiseptics, are much more 
active than the acid dyes. Two points may be mentioned to explain 
this difference [Albert (1942)]. In the first place bacteria contain an 
excess of acidic groups over basic groups, as is indicated by their low 
isoelectric points. Secondly, quite apart from the —COOH groups, 
more strongly acid groups (phosphoric) are to be expected in the nuclear 
apparatus and enzyme systems of the cell. This second point is sup¬ 
ported by the work of Mcllwain (1941), which shows that acriflavine 
inhibits the growth of bacteria partly, at least, through interaction 
with nucleotides. 


TABLE 45 

Lethal Concentrations of Various Dyes 


[From Browning and his associates (1917) and Browning (1930)] 

Lethal Concentration * for 

Staphylococcits aureus Escherichia eoli 


Compound 

In H 2 O + 0.7% 
Peptone 

In Serum 

In 1120 + 0.7% 
Peptone 

In Serum 

Brilliant green (sulfate) 

1 : 10,000,000 

1 : .30,000 

1 : 130,000 

1 ; 3,500 

Brilliant green (oxalate) 

1 : 10,000.000 

1 : 100,000 

1 :200,000 

1 :3,500 

Malachite green (oxalate and 

sulfate) 

1 : 10,000,000 

1 :40,000 

1 :20,000 

1 :1,000 

para-Rosanihne (para-Fuch- 

sin) 

1 : 100,000 

1 :20,000 

(1 : 1,000 faib) 

1 :2,000 

Crystal violet (gentian vio- 

let) 

1 :4,000,000 

1 :400,000 

1 : 8,000 

1 :8,000 

Mercurochrome-220 (disodium 




dibromohydroxymercuri- 

fluorescein) 

1 ; 100,000 

1 :1,000 

1 : 100,000 

1 :1,000 

Acriflavine 

1 :200,000 

1 :200,000 

1 :20,000 

1 :100.000 


* Lowest concentration which killed organisms, as tested by subculture, after incubation at 37°C. 
for 48 hours. 


ESSENTIAL OILS AND SIMILAR COMPOUNDS 

The antiseptic and germicidal actions of a large number of essential 
plant oils have been tested by exposing various microorganisms and 
their spores to the vapors in closed tubes or by suspending the bacteria 
in the oils for a given period of time, after which plate counts are made. 
Oil of celery, Ceylon cinnamon, lavender, geranium, eucalyptus, 
cloves, thyme, peppermint, dill, rosemary, orange, citronella, fennel. 
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anise, marjoram, juniper, bay, turpentine, and camphor were studied 
by several early workers [Chamberland (1887), Riedlin (1887), Cad^ac 
and Meunier (1889), and Robert (1907)]. More recently these and 
other oils have been studied by Kliewe and Huthmacher (1938) and 
Blum and Fabian (1943). The vapors of most of these oils have little 
or no germicidal effect on bacteria and their spores; the oils or vapors 
from oil of mustard and Ceylon cinnamon appear to be the most 
active. Direct contact with the oils appears to be more effective than 
are the vapors. For examples, Cad4ac and Meunier (1889) inoculated 
Eberthella typhosa into various pure oils for a given time and then seeded 
agar plates with the mixture. Ceylon cinnamon oil killed this bacterium 
after about 12 minutes, clove oil after 25 minutes, thyme oil after 35 
minutes, and oil of geranium after 50 minutes. Other essential oils 
killed the test organism in 24 to 48 hours, some in 4 to 10 days; others 
were not lethal even in 10 days. 

Blum and Fabian (1943) have studied the inhibitory and germicidal 
action of many spice oils by determining their effect on alcohol produc¬ 
tion by Saccharornyces ellipsoideus and by cultivating acetic acid bac¬ 
teria in cider containing the oils for 24 hours and then making transfers 
to fresh cider. The bactericidal power of several essential oils has been 
evaluated also by Miller (1931) and by Naves (1935) by determining 
their phenol coefficients; a few values obtained were: thymol 27.6, 
eugenol 9.7, cinnamic aldehyde 6.1, menthol 5.1, and eucalyptol 1.4. 

The preserving action of spices is supposedly due to the essential oils 
which they contain. This subject has been studied by Hoffmann and 
Evans (1911) and Bachmann (1918). More recent studies by several 
investigators indicate that certain natural spices may be highly con¬ 
taminated with bacteria and should not be added to certain foods unless 
they are sterilized. 

Vapors from crushed garlic and horseradish have been reported to be 
bactericidal by Walton, Herboid, and Lindegren (1936) and Foter 
(1940). Vollrath, Walton, and Lindegren (1937) showed that the 
agent responsible for the bactericidal action of garlic W’as acrolein, 
while Foter (1940) found that the active principle in crushed horse¬ 
radish was allyl thiocyanate. Blum and Fabian (1943) found the de¬ 
ceasing order of germicidal activity of spice components they studied 
to be: allyl isothiocyanate and carvacrol (equal), cinnamic aldehyde 
and cinnamyl acetate (equal), eugenol, eugenol methyl ether, and 
eucalyptol. Vegetable oils which possess bactericidal action themselves 
seem to deprive other germicides which are dissolved in them of most 
of their activity. Early workers, for example, found that phenol dis¬ 
solved in vegetable oils, such as olive or cottonseed oil, was only 
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slightly active. This fact has since been confirmed by McMaster 
(1919), who also pointed out that mineral oils do not possess this 
effect on germicides. 

The germicidal action of a few of the animal oils has been studied by 
Harris, Bunker, and Milas (1932), N41is (1939), N41is and Thomas 
(1939), de Potter (1939), and Leusden and Derlich (1940). Harris, 
Bunker, and Milas found that some of these oils, such as seal oil and 
tuna oil, give off vapors which are bactericidal, whereas others, such 
as cod-liver oil and sardine oil, become germicidal only after exposure 
to sunlight or ultraviolet light. It has been suggested that H 2 O 2 is 
given off by the animal oils, and that its rate of evolution is accelerated 
by irradiation. N61is and his associates, on the other hand, report that 
an aqueous extract of cod-liver oil possesses a marked bactericidal 
power. Leusden and Derlich found that certain fish-liver oils posseas 
a definite bactericidal and sporicidal action. They used nine different 
species of bacteria and observed marked differences in resistance. For 
example, the spores of Bacillus mycoides were killed in 5 minutes, 
whereas pseudoanthrax spores remained alive for at least 24 hours. The 
bactericidal principle of fish-liver oil is not water soluble, according to 
these workers. 

MISCELLANEOUS COMPOUNDS 

The bacteriostatic and germicidal properties of a great many other 
compounds not mentioned above have been determined by various 
workers. However, since Klarmann (1939-1944) has reviewed these 
studies in some detail, only a few examples will be briefly mentioned 
here. 

The action of hydrogen peroxide on the spores of several bacteria 
was studied by Curran, Evans, and Leviton (1940). They found that 
the spores died in a logarithmic fashion in the presence of 1 per cent 
H 2 O 2 at 50®C. and pH 6.9. According to Mallmann, Botwright, and 
Churchill (1941), slow oxidizing agents, such as potassium dichromate 
and sodium azide, exert a strong selective bacteriostatic effect on 
Gram-negative bacteria. Sodium azide has also been studied in some 
detail by Lichstein and Soule (1944). They found that 0.1 to 0.3 per 
cent solutions of sodium azide were bacteriostatic for practically all 
Gram-negative bacteria, for aerobic spore-forming bacilli, and for a few 
other Giam-positive bacteria, but streptococci, pneumococci, and 
anaerobes were resistant. The catalase activity of suspensions of 
washed bacteria was also found to be markedly inhibited, but, on the 
other hand, the utilization of glucose and the production of lactic acid 
by streptococci were not impeded. 
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The bacteriostatic activity of a series of quinones has been studied 
by Page and Robinson (1943) and Armstrong, Spink, and Kahnke 
(1943). Certain of the quinones are quite bacteriostatic, and there 
seems to be a connection between the oxidation-reduction potentials of 
these compounds and their antibacterial potencies. 

The effect of propamidine (4:4'-diamidinodiphenoxypropane*2HCl) 
on bacterial activities has been studied by Thrower and Valentine 
(1943), Bernheim (1943), Kohn (1943), and Snell (1944). The com¬ 
pound is both bacteriostatic and bactericidal for various bacteria, such 
as streptococci, staphylococci, and lactobacilli, and also affects the 
activities of certain protozoa. It seems to be of considerable value in 
treating wound infections, since pus and tissue fluids do not interfere 
with its action. However, certain polyamines, such as triethylenetetra- 
mine and spermidine, counteract its action for some bacteria [see 
Snell (1944)]. 

Certain stilbene derivatives also show considerable promise as selec¬ 
tive germicides. For example, several workers [see Faulkner (1944)] 
have shown that Mycobacterium tuberculosisy Corynebacterium diph- 
theriaCj staphylococci, streptococci, and other Gram-positive organisms 
are killed when incubated in vitro in aqueous media containing 1 : 6,000 
to 1 : 500,000 diluti ons o f diethylstil bestero l (4:4'-dihydroxy-a:iS- 

diethylstilbene, ~ ^OH) and 4-h3"droxy- 

C2H5 C2H5 

diethylstilbene. Gram-negative bacilli are not affected by such com¬ 
pounds. Furthermore the bactericidal activity of the stilbenes is not 
related especiall}^ to their estrogenic activity. 

Numerous other miscellaneous compounds have been tested b}^ 
various investigators for their inhibitory or germicidal action on bac¬ 
teria and higher fungi. For example, chlorophyll has some antibac¬ 
terial properties [Smith (1944)], and diphenyl has a more or less selec¬ 
tive fungistatic action for molds. With few exceptions, however, it has 
no effect on yeasts [Hertz and Levine (1942)]. 

CHEMICAL NATURE OF ANTAGONISTIC SUBSTANCES 
(ANTIBIOTICS) PRODUCED BY MICROORGANISMS 

For many years it has been known that numerous i^elations of associa¬ 
tion and antagonism occur between organisms in nature. Although 
these relationships have been studied by individuals principally in¬ 
terested in the academic phases of the problem, it has become apparent, 
particularly in recent years, that certain animal and plant diseases can 



334 


EFFECTS OF CHEMICAL AGENTS ON BACTERIA 


be controlled by utilizing microorganisms or their products which are 
antagonistic, lytic, bacteriostatic, or bactericidal for the particular 
organisms causing the disease. Since this subject has been reviewed in 
detail by Buchanan and Fulmer (1930), Waksman (1941, 1944), Dubos 
(1942,1944), Schmitt (1944), and Hoogerheide (1944) and in bibliogra¬ 
phies published by several chemical companies, such as Merck, Squibb, 
and Winthrop, no attempt will be made here to cover the literature. 
Only a few' pertinent facts dealing with the chemical nature of the 
antagonistic substances produced by some of the microorganisms will 
be briefly discussed. 

It was once believed that all bacteria produce substances antagonistic 
for other organisms during certain stages of their development. How¬ 
ever, according to Waksman (1941), it is now' definitely recognized that 
only certain species and frequently only specific strains of microorgan¬ 
isms are capable of producing antagonistic substances. These sub¬ 
stances vary greatly in their chemical properties, in their toxicity for 
animals, in their action on various microorganisms, and in the mecha¬ 
nism of their action; however, the differences are often more of degree 
than of kind. 

For classifying the antimicrobial agents of biological origin, Waks¬ 
man states that the following criteria may be employed: (1) solubility 
in various reagents; (2) specific chemical nature; (3) specific bacterioly¬ 
tic, bacteriostatic, and bactericidal properties; (4) toxicity to animals 
and action in vivo; and (5) nature of the organism producing these 
substances. 

Certain of these substances are soluble in w'^ater but not in organic 
solvents; some are soluble in chloroform or in alcohol but not in ether 
and acetone; others are soluble in these solvents but not in water. 

Chemically the antimicrobial agents may be classified as (1) lipids or 
lipid-like bodies: pyocyanase, clavacin; (2) pigments: actinomycin A, 
pyocyanine; (3) polypeptides: gramicidin, tyrocidine, lysozyme, acti- 
nomycetin; (4) sulfur-bearing compounds: gliotoxin; (5) quinone-like 
compounds: possibly penicillin; (6) organic bases: streptothricin; (7) 
other substances: fumigacin, clilorellin, etc. 

On the basis of their action, these agents are classified as follows: 
(1) primarily bacteriostatic: actinomycin, etc.; (2) bacteriostatic and 
bactericidal: penicillin, gliotoxin, clavacin, etc.; (3) bacteriolytic: 
gramicidin, actinomycetin, lysozyme. Some are also fungistatic and 
even fungicidal. In respect to their toxicity for animals they are: 
(1) practically nontoxic (0.5 g. or more/kg. weight of animal tolerated): 
penicillin, actinomycetin, streptothricin; (2) fairly toxic (0.05 g. to 
0.6 g./kg. lethal): gramicidin, tyrocidine, gliotoxin; (3) highly toxic 
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(0.15 mg. to 0.1 g./kg. lethal): actinomycin, aspergillic acid. For the 
most part the antibiotic substances are highly selective in their action 
upon microorganisms, since two closely related species or even two 
strains of the same organism can be differentiated. 

Few specific facts are available concerning the mode of action of the 
antibiotic substances, although considerable progress has been made 
along this line during the past few years [see Dubos, Hotchkiss, and Co¬ 
burn (1942), Waksman (1943, 1944) Hotchkiss (1943), Schales (1943), 
Dubos (1944), Welshimer, Krampitz, and Workman (1944), Geiger 
and Conn (1945)]. In general, according to Waksman (1943, 1944), 
the mode of action of these antibiotic substances consists of interfering 
with cell multiplication by blocking or impeding certain metabolic 
reactions of microorganisms, for example, (1) by oxidizing a metabolic 
substance which has to be reduced in the process of microbial nutrition; 
(2) by combining with the substrate or one of its constituents, rendering 
it inactive for microbial utilization; (3) by competing with the substrate 
for an enzyme required by the microorganism for an essential metabolic 
process; (4) by affecting the surface tension (or interfacial tension) of 
the microorganism; (5) by influencing the respiratory mechanism of 
the cell; and (6) by acting as an enzyme system and producing products, 
such as peroxides, which are injurious to the microbial cell. Penatin 
(penicillin B, notatin) is known to function as a glucose oxidase and 
catalyze the following reaction: 

Glucose + O 2 —> Gluconic acid + H 2 O 2 

It is believed that the bacteriostatic effect of this antibiotic sub¬ 
stance can be explained by its ability to produce hydrogen peroxide 
[see Schales (1943)]. Tyrocidine is a surface-active compound, and it 
is thought that it exhibits its action by disruption of cell membranes 
and by denaturation of proteins (enzymes, etc.), thus causing irreversi¬ 
ble damage and death [Dubos (1944)]. Gramicidin, like tyrocidine, is 
a peptide antibiotic, and its activity may be due in part to its content 
of d-amino acids, which may interfere with the utilization of Z-amino 
acids by microorganisms [Fox, Fling, and Bollenback (1944)]. Peni¬ 
cillin has been shown to inhibit the activity of urease [Waksman (1944)] 
and to interfere with the dismutation of pyruvate [Welshimer, Kj-am- 
pitz, and Werkman (1944)]. More recently clavacin (claviformin) has 
been shown to exhibit its antibiotic activities by combining with the 
sulfhydryl groups of bacterial enzyme systems or with sulfhydryl-con- 
taining metabolites essential to the bacteria [Geiger and Conn (1945)]. 

Some of the antagonistic substances of microbial origin have been 
highly purified and crystallized, and their chemical constitution has 
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TABLE 46 


Showing Certain Selective Bacteriostatic and Bactericidal Substances of 

Microbial Origin 


[From Waksman (1941, 1944), Waksman and Woodruff (1942), and Others] 


Substance 

Aotinomycetin 


Actinomyoetitt 

(lysosyme) 


Actinomycin A 


Actinomyoin B 


Aspergillio acid ^ 

(CiaHaoNjOj) 


Chlorellin * 


Clavacin * 

(Probably olavatin,^ 
claviformin,^ and 
patulin^ are verv 
siinilar ur identical.; 

Gliotoxin ^ 

(C13H14N28JO4) 

(CigHieNaSaOO 


Gramicidin * 
(C65H79N11O10) 
or 

(C74Hio«NigOit) 

Gramicidin S * 


HelvoUc acid 

(Ct2H4408) 

(Probably fumiracinn 
is very similar or 
identical.) 


Properties 

Water-soluble, protein-like substance. 
Precipitated by acetone, alcohol, and 
(NH^aS 04 . Thermolabile. Destroyed 
by strong acids, but not by mild anti¬ 
septics. Acts (lysis) primarily against 
dead bacteria. 

Water-soluble, but ether-, benzol-, and 
chloroform-insoluble. Thermostable. 
Similar to egg-white lysosyme, but not 
identical. 

Orange pigment. Soluble in ether, alco¬ 
hol, benzol, and chloroform, but not in 
petrol ether. Thermostable. Highly 
toxic for animals. Highly bacterio¬ 
static. 

Colorless substance. Soluble in ether, 
petrol ether, and alcohol, but not in wa¬ 
ter. Little bacteiiostatio action, but 
bactericidal. 

Crystalline, amphoteric substance. Solu¬ 
ble in sodium bicarbonate solution, al¬ 
cohol, ether, acetone, benzol, chloro¬ 
form and pyridine, but insoluble in cold 
water ana petrol ether. Moderately 
toxic for animals. Bacteriostatic and 
bactericidal for Gram (+) cocci, but 
less active against anaerobic bacilli and 
Gram (—) bacteria. 

Soluble in chloroform, benzol, and 1:2- 
dichloroethane. Bactericidal for Gram 
(•+•) and (--) bacteria. 

Soluble in ether, chloroform, dilute alka¬ 
lies, alcohol, and water. Adsorbed on 
norite. Moderately toxic for animals. 
Primarily active (bacteriostatic and 
bactericidal) against Gram (—) bacteria. 

Soluble in pyridine and dioxane, less so in 
chloroform and alcohols, and only spar¬ 
ingly so in water. Sensitive to alkalies 
and light. Highly toxic for animals. 
Funmcidal, bactenostatic, and bacteri¬ 
cidal. 

Soluble in alcohol, ether, and acetone. 
Crystalline. Moderately toxic for cer¬ 
tain cells, but inactive against others. 
Lytic for Gram (-f) bacteria. 

Soluble in alcohol and slightly soluble in 
acetone. Crystalline polypeptide. 
Moderately toxic. Prevents growth 
and kills many Gram (+) and (-) bac¬ 
teria. See discussion for additional 
properties. 

Colorless, crystalline, monobasic acid. 
Soluble in most organic solvents. 
Thermostable. Bacteriostatic for 
Gram (-f) bacteria; almost inactive 
against Gram (—) forms. 


Produced by 
Actinomycea albua 


Actinomyces violaceua 


Actinomycea antibioticua 


Actinomycea antibioticua 


AapergxLlua flavua 


Chlorella vulgaris, etc. 

AapergUlua clavatua, 
PeniciUium clavi/orme 


Oliocladium fimbriatum, 
Trtchoderma, Hpecies, 
AapergtUua fumtgataa 


Baeillua brevis 


A thermophilic Bacillus 
brevis type 


Aspergillus fumigatus 


1 White and Hill (1043), Jones, Rake, and Hamre (1943), Dutcher and Wintersteiner (1944). 
s Pratt sf of. (1944). 

> Waksman, Horning, and Spencer (1942), Conn and Geiger (1944). 

^BerttlsfoL (1043). 

^ Cham, Florey, Jennings, and Callow (1042). 

^Birkinshaw et al, (19^. 

7 Johnson, Bruce, and Dutcher (1943), Bruce, Dutcher, Johnson, and Miller (1944), Dutcher 
Johnson, and Bruce (1944), Menzel, Wintersteiner, and Hoogerheide (194^. 

^ Hotchkiss (1941), Tishler, Stokes, Trenner, and Conn (1941). Gordon, Miartin, and Synge (1943). 
*Gause and Brashnikova (1944), Belosersky and Passhina (1944). 

Chain, Flow* Jennings, and Williams (1943), Mensel, Wintersteiner, and Hoogerheide (1944). 
u Wakaman, Homing, andf Spencer (1942). 
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TABLE 46 (Cmtinued) 

Showing Certain Selectivb Bacteriostatic and Bactericidal Substances op 

Microbial Origin 


[From Waksman (1941, 1944), Waksman and Woodruff (1942), and Others] 


Substance 

lodinin 

(Cl2Hg04N2) 


Patulin 

(C 7 H 6 O 4 ) 


Penatin 

(Probably penicillin 
B IB and notatin 
are verv similar or 
identical.) 


Penicidin 


Penicillin 

(Probably flavacidin 
in very similar or 
identical.) 


Pyocyanase 


Streptomycin *0 


Streptothrioin 


Subtilin ** 


Tyrocidine ** 

(CesHssN 1 jO i j • HCl) 


Properties 

Insoluble in acids, except concentrated 
H 2 SO 4 . Soluble in alkalies. Sodium 
salt transitorily soluble in water. More 
bacteriostatic for Gram (-f) than Gram 
(—) bacteria. ^ 

Crystalline substance, soluble in water 
and most organic solvents. Bacterio¬ 
static for both Gram (•+•) and (—) 
bacteria. 

Yellowish, high-molecular-weight protein; 
probably a yellow enzyme. Soluble in 
water, but not in certain organic sol¬ 
vents. Resistant to acids, but de¬ 
stroyed by alkalies. Penatin and no¬ 
tatin non toxic; penicillin B toxic. Glu¬ 
cose r^uired for antibacterial action. 
Bacteriostatic and bactericidal; action 
probably due to liberated H 2 O 2 . 

Pale-yellow oil. Soluble in chloroform, 
benzol, ether, ethyl alcohol, and dilute 
mineral acids; qmckly destroyed by 
strong alkalies. Diffuses through cello¬ 
phane and can be adsorbed on char¬ 
coal. Bacteriostatic for both Gram 
(-f-) and ( —) bacteria. 

Soluble in water, alcohol, ether (at pH 
2.0, but only partly at pH 7 . 2 ), and 
acetone. Thermolabile. Low toxicity. 
Strong bacteriostatic action for most 
Gram ( + ) bacteria. See discussion for 
additional properties. 

Soluble in several solvents. Lipoidal. 
Thermostable. Ijytic for many bacte¬ 
ria, especially Gram (+) species; ac¬ 
tivity due largely to unsaturated fatty 
acids. 

Very similar to streptothricin, but more 
active against certain Gram (-f) and 
(—) bacteria. 

Organic base, low in nitrogen. Adsorbed 
on norite and eluted with dilute mineral 
acids. Precipitated by ethyl alcohol; 
insoluble in ether or chloroform. Ther¬ 
mostable. Ix)W in toxicity for animals. 
Inliibits Grain (—) bacteria; most 
Gram (-f) species more resistant. Bac¬ 
tericidal. 

Soluble in alcohol and precipitated from 
it by NaCl. Contains 5.7% N. Inac¬ 
tivated by light, methyl alcohol, and 
formaldehyde. Active against Oram 
(+) bacteria. 

Crystalline polypeptide. Soluble in ab¬ 
solute alcohol, but insoluble in ether or 
acetone. Moderately toxic for ani¬ 
mals. ^ Lytic for Gram (-h) and (—) 
bacteria. 


Produced by 
Chromobactenum iodinum 


Penicillium paitdum 


PenidUium noiatum 


Penicillium, species 


PenidUium noiatum, etc. 


Pseudomonas aeruginosa 


Actinomyces griseus 


Actinomyces lavendulae 


Bacillus subtUis 


Bacillus bresis 


WMcIlwain (1941, 1943). 
w Birkinshaw et al. (1943). 

WKocholaty (1943). 

IB Roberta et al. (1943), Van Bruggen ef of. (1943). 

IB Birkinshaw and Raistrick (1943). 

Atkinson (1942, 1943). 

IB See reviews mentioned in discussion. 

IB McKee, Rake, and Houck (1944). 

BB Schatz, Bugie, and Waksman (1944). 

Woodruff and Foster (1943), Foster and Woodruff (1943). 

BB Jansen and Hirsohmann (1944). o,,™ 

BB Hotchkiss (1941), Christensen, Edwards, and Piersma (1941), Gordon, Martin, and Synge 
(1943), C^istensen, Uiman, and Hegsted (1945). 



338 


EFFECTS OF CHEMICAL AGENTS ON BACTERIA 


been fairly well established, whereas only the proximate chemical com¬ 
position of others is known, or they have not been characterized. Cer¬ 
tain properties of the more important of these substances are given 
in Table 46, and a few additional remarks about some of them will be 
made. For more details the literature cited in the discussion should 
be consulted. 

Aspergillic acid has been obtained in a highly purified crystalline 
form from Aspergillus flavus by White and Hill (1943). They reported 
that the crystals have a pale cream color, a ^^sweet^’ odor, a molecular 
weight of about 224, and an empirical formula of C12H20N2O2. More 
recently Butcher and Wintersteiner (1944) have shown that aspergillic 
acid is monobasic in character, is optically active, and melts at 93‘^C. 
It apparently has the following structural formula: 


N 

/ \ 

HC C—CIKCPIa)—0112—CH3 


CHa—CH2—(CH3)CH—C C=0 

\ / 

N 


OH 


Clavacin, or clavatin, is produced by Aspergillus clavalus, has a 
chemical formula of C7H6O4, and melts at about 110°C. [Bergel et al. 
(1943)]. Claviformin, which is very similar in many respects, has been 
reported to be a compound with an empirical formula of CgHsOs and 
to melt at 110°C. [Chain, Florey, Jennings, and Callow (1942)]. 
Patulin also appears to be identical with these substances. 

Gliotoxin, the antagonistic substance excreted by GKocladium fim- 
briatum, has been studied in some detail by Johnson, Bruce, and 
Dutcher (1943), Bruce, Butcher, Johnson, and Miller (1944), and 
Butcher, Johnson, and Bruce (1944). These workers not only studied 
the biological properties of gliotoxin, but they also determined its 
empirical formula, molecular weight (about 326), crystalline form 
(monoclinic), solubility, ultraviolet absorption curve, optical activity, 
and degradation products. On the basis of these studies the most 
logical empirical formula was found to be C13H14N2O4S2. When the 
compound was mixed with selenium and heated to 250°C., the follow¬ 
ing reaction occurred: 

C12H8N2O3 -|- 2H2S [C] •]- H2O 


Ci3Hi4N204S2 
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where [C] might be CO 2 , formaldehyde, or methane, and the C 12 com¬ 
pound is 2 -methyl-l :3:4:triketotetrahydropyrazino[1.2-a]-indole: 



Gramicidin is a polypeptide formed by Bacillus brevis, and contains 
no free amino or carboxyl groups; according to Gordon, Martin, and 
Synge (1943), there are 24 amino acid residues in the peptide. The 
total nitrogen and oxygen content is accounted for by a-amino acids 
and a 1 : 2 aminohydroxy compound which is not an a-amino acid. The 
known amino acids which have been identified are Z-tryptophan, gly¬ 
cine, d-leucine, d-valine, and Z-alanine. Several alternative empirical 
formulas for gramicidin have been proposed; however, Hotchkiss (1941) 
believes that the two most satisfactory ones are CssHygNuOio and 
C 74 H 106 N 15 O 13 , with molecular weights of 1,054 and 1,413, respectively 
[see also Tishler, Stokes, Trcnner, and Conn (1941)]. Gramicidin crys¬ 
tals are spear-shaped, colorless platelets and melt at 228° to 230°C. 

Gramicidin S, or Soviet gramicidin, is similar in many respects to 
Dubos’ gramicidin and tyrocidine, but it appears to be a different type 
of polypeptide [Belozersky and Passhina (1944)]. Some of its proper¬ 
ties are shown in Table 46 and mentioned in the discussion on tyroci¬ 
dine. 

Helvolic acid has been isolated from cultures of Aspergillus fumigatus 
in the crystalline state by Chain, Florey, Jennings, and Williams (1943). 
It has an elementary composition of C 32 H 44 O 8 , is colorless and non- 
fluorescent in ultraviolet light, melts at 204.5° to 205.5°C., and titrates 
as a monobasic acid. 

lodinin, the violet, copper-glinting pigment produced by Chromo- 
bacterium iodinum, was first studied chemically by Clemo and Mcllwain 
in 1938, but its ability to inhibit bacterial growth remained unknown 
until Mcllwain (1941, 1943) studied this property of the compound, 
lodinin melts at 236°C., has a formula of C 12 H 8 O 4 N 2 , and is probably 
1:2(?)-dihydroxyphenazine N,N'-dioxide (see pp. 422 to 429 on bacterial 
pigments in Chapter 5). Mcllwain (1943) not only found that iodinin 
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(2 X lO^® to 5 X M) would inhibit bacterial growth, but that its 
action could be counteracted by certain concentrations (6 X 10““® to 
5 X 10“^ M) of pure hydroxyanthraquinones and 2-methyH :4-naph- 
thaquinone. This is probably another example of antagonism be¬ 
tween structurally related compounds. 

Patulin, the bacteriostatic substance formed by PenicilUum paiulunif 
is very similar to, if not identical with, clavacin, clavatin, and clavi- 
formin [Bergel et al. (1943)]. Birkinshaw, Michael, Bracken, and 
Raistrick (1943) have studied the chemistry of crystalline patulin in 
some detail. It is optically inactive, melts at 111 °C., and has an empiri¬ 
cal formula of C 7 H 6 O 4 . It is believed to be anhydro-3-hydroxymethyl- 
enetetrahydro- 7 -pyrone- 2 -carboxylic acid of the following structure: 


O 



Numerous derivative and decomposition products were prepared and 
studied to prove this structure. 

Penicillin, the antibiotic substance produced by PenicilUum notaium, 
was first described by Dr. Alexander Fleming in 1929. Since that time, 
and especially in the past few years, this substance has been studied 
very extensively. The impetus for most of the work came after Profes¬ 
sor H. W. Florey and his associates (Abraham, Chain, Jennings, and 
others) demonstrated that penicillin has great value as a chemothera¬ 
peutic agent in treating certain diseases and that it can be produced on 
a commercial scale. At the present time over 20 pharmaceutical plants, 
built at a cost of about 20 million dollars, are producing penicillin in 
this country. If these plants have a current production of about 400 
billion units® (100,000 units = about 130 mg.), per month, daily pro¬ 
duction would be just about 18 lb, of pure penicillin. However, this 
amoimt will treat several hundred thousand serious cases of infection 
per month. 

Penicillin has been obtained as a free acid and in the form of various 
salts, such as those of barium, calcium, strontium, potassium, and so- 

* In June, 1943, about 425 million units of penicillin were produced in this coun¬ 
try; in February, 1944, this figure rose to 18 billion units; in March, 1944, to 40 bil¬ 
lion; in January, 1945, to 394 billion units; and in |the early summer of 1945 to 
about 460 billion units. 



ANTIBIOTICS PRODUCED BY MICROORGANISMS 


341 


dium. In the form of its salts or the acid it is easily oxidized by KMUO 4 
and H 2 O 2 but is less sensitive to reducing agents. The empirical 
formula * of the barium salt has been reported to be C 23 H 3 o 09 N 2 Ba or 
C 24 H 320 ioN 2 Ba, and that of the strontium salt to be C 24 H 340 iiNSr. 
When the molecule is ruptured it supposedly yields: (1) a colorless, 
water-soluble acid, which on further hydrolysis gives a simple peptide; 
(2) a yellow, insoluble pigment, C 16 H 20 O 6 or Ci6Hi806-H20; (3) acet¬ 
aldehyde; and (4) carbon dioxide. An interesting point in connection 
with the growth-inhibiting property of penicillin is that it can be 
readily overcome by an enzyme called penicillinase [Abraham and 
Chain (1940), Harper (1943), Woodruff and Foster (1944), Bondi and 
Dietz (1944), Himes and White (1944), McQuarrie et al. (1944)]. 
This enzyme is formed by several bacteria, such as paracolon bacillus 
and other coliform bacilli, aerobic spore-forming bacilli, and certain 
Shigella, and cell-free preparations may be employed routinely in 
culture media for the isolation of penicillin-sensitive bacteria from 
pathological material containing inhibitory concentrations of the drug. 
For further reading on penicillin the references cited in the bibliogra¬ 
phies published by Merck and Co., Squibb, and Winthrop Chemical 
Co. and in the review by Schmitt (1944) should be consulted. 

Tyrocidine, like gramicidin and gramicidin S, is a polypeptide 
product of Bacillus brevis, but it contains free amino groups. According 
to Hotchkiss (1941) and Christensen, Edwards, and Piersma (1941), 
the most probable molecular unit has two amino groups, three amide 
groups, one weakly acidic or phenolic group, and a molecular weight of 

^ According to the Committee on Medical Research, O.S.R.D., Washington, and 
the Medical Research Council, London {Science, 102:627-629), all antibiotics of the 
penicillin class have the empirical formula C 9 Hii 04 SN 2 -R. In F-penicillin (peni¬ 
cillin I) R is A'Lpentenyl,—CH 2 -CH==CH*CH 2 *CH 3 ; in dihydro-F-penicillin, 
R is n-amyl; in G-penicillin (penicillin II), R is benzyl; in X-penicillin (penicillin 
III), R is p-hydroxybenzyl; in K-penicillin, R is n-heptyl. At present the formulas 
(as sodium salts) which are receiving the most attention contain a jS-lactam struc¬ 
ture (I) and an incipient azlactone grouping (II), respectively: 


(I) 


(ID 


R 




NH-CH—CH '^C—(CHj), 




O 0=C-N-HC—COONa 

S 

N- CH—^C—(CHs)* 


RC 




\ 


O- 0=C—HN+—HC—COONa 
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2,534. However, the empirical formula which is most satisfactory for 
the compound is CesHgsNiaOis -HCl, which corresponds to a molecular 
weight of 1,267. Tyrocidine has been obtained in the form of crystal¬ 
line needles which melt at 237® to 240°C. The workers mentioned 
above detected tryptophan, phenylalanine, tyrosine, alanine, and dicar- 
boxylic amino acids (in part aspartic) in tyrocidine. More recently 
Gordon, Martin, and Synge (1943) have hydrolyzed (acid) tyrocidine 
and studied its amino acid composition. Phenylalanine, leucine, pro¬ 
line, valine, tyrosine, ornithine, and glutamic acid were isolated by 
partition chromatography, and characterized as their acetyl deriva¬ 
tives. Additional evidence was obtained for the occurrence of trypto¬ 
phan and aspartic acid in this polypeptide. It is of interest that this 
appears to be the first time ornithine has been isolated by acid hydroly¬ 
sis from an intact protein or polypeptide. The following data, taken 
from the papers by Belozersky and Passhina (1944) and Christensen, 
Uzman, and Hegsted (1945), show some of the relationships between 
the properties and the composition of tyrocidine, Dubos* gramicidin, 
and gramicidin S: 


Tyrocidine‘HCl 

Gramicidin 

Dubos 

Gramicidin 

S 

Melting point, ®C. 

240 

228-230 

268-270 

Molecular weight 

1,260 

1,250-1,550 

1,060-1,340 

Free NH 2 groups 

+ 

- 

4 

Free COOH groups 

+ 

— 

4 

Hydrolysis time, hours 

2 

18 

18-20 

Total N(Kjeldahl), per cent 

14.3 

14.8 

13.0 

Tryptophan 

+ 

4 

+ 

Tyrosine 

+ 

— 

— 

Dicarboxylic acids 

4- 

±? 

-• 

Phenylalanine 

+ 

— 

— 

Proline 

+ 

-- 

4 

Ornithine 

4 

— 

4 (18%) 

Leucine 

4 (8.2%) 

4 

4 

Valine 

4 (7.6%) 




Several other antibiotic substances have been described recently. 
Chaetomin is formed by the ascomycete Chaetomium cochliodes and 
has been studied in some detail by Waksman and Bugie (1944) and 
Geiger, Conn, and Waksman (1944). It contains nitrogen and sulfur 
but differs in biological activity from gliotoxin and penicillin. It is 
primarily active against Gram-positive bacteria and has little effect 
upon Gram-negative organisms. Diplococcin is an antibacterial pro¬ 
tein, elaborated by certain milk streptococci, which inhibits the growth 
of Gram-positive bacteria. It is somewhat less complex than a meta¬ 
protein and contains no sulfur or phosphorus. It is water-soluble but 
insoluble in absolute alcohol [Oxford (1944)]. 
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5 


THE CHEMICAL COMPOSITION OF 
MICROORGANISMS 

Since all the functions of bacterial cells are associated with chemical 
changes, many experiments have been carried out to learn more about 
the basic chemical composition of the cells themselves. The information 
obtained from such studies often gives insight into the life processes 
of the bacterium. Several variable factors, such as the bacterium 
itself, its age, and the culture medium upon which it is grown, make 
the determination of the exact chemical composition of any given or¬ 
ganism difficult. We can probably assume, however, that bacterial 
cells are formed from the same general building blocks and cast from 
the same chemical pattern as other living cells, differing, possibly, only 
in that they contain certain characteristic groupings. In recent years 
the chemistry of bacteria has received a great deal of impetus, resulting 
in the acquisition of much information in several fields of research. 

Two techniques have been employed to study the composition of 
microoi^anisms: (1) a microscopic method, which yields essentially 
qualitative results; and (2) a direct chemical analy.sis of the cells, which 
may be both qualitative and quantitative. The microscopic method 
has found its greatest application in studies concerned with the dis¬ 
tribution of chemical constituents within the cell. Because of the 
minute size of many bacteria, however, such a method is of little value 
in determining the details of their internal structure. On the other 
hand, when larger forms, such as yeasts, protozoa, and higher fungi are 
being investigated, much interesting information may be obtained. 
Several well-known examples involving the use of the microscope and 
various reagents*are: the blue color given by starch granules and the 
red-brown color by glycogen with dilute iodine solution; the blue color 
given by cellulose and the violet-like color by chitin in the presence 
of zinc chloriodide; and the staining of fat and oil globules with osmic 
acid, Sudan black, Sudan III, or spirit blue. Certain dyes exhibit a 
selective action and can be used to identify certain cellular constituents. 
For instance, Sudan III dyes fat globules red but leaves the other com¬ 
ponents of the cell unstained; and polychrome methylene blue selec- 

852 
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lively stains metachromatic granules and related bodies which are 
present in certain bacteria. Even though many data can be obtained 
by such techniques, they are very crude at their best and possess cer¬ 
tain inherent disadvantages. One of the greatest drawbacks is that 
only groups of substances can be identified, and usually no clue is given 
concerning the member of the group with which one is dealing. This 
point can be illustrated by the use of Sudan III, which stains all fats 
in a similar manner. 

The application of direct chemical methods to the analysis of cells is 
of great value, because they provide a means of actually separating, 
purifying, and identifying the various cellular components. It can 
readily be seen that such techniques will require rather large amounts 
of starting material if appreciable quantities of the components are to 
be secured. The particular method used to obtain sufficient material 
to work with will depend somewhat upon the nature of the growth and 
the food requirements of the organism under investigation. Usually 
one of the following two methods is used. 

!• The Harvesting of Growth from Solid Media. This tech¬ 
nique consists briefly of cultivating the test organisms on the surface of 
a suitable nutrient medium rendered solid by the addition of gelatin 
or agar. The medium is usually placed in large Kolle flasks, pans, or 
other suitable containers and sterilized in the autoclave; after which 
process it is allowed to solidify. The containers are then inoculated 
and allowed to incubate for a given time at a suitable temperature; 
finally the growth is washed or scraped from the surface of the medium. 
This method is extensively used, and under optimum conditions quite 
large yields are obtained. It does not work well, however, with certain 
fungi, especially molds, which frequently grow into the substrate and 
thus resist removal. 

2, The Removal of Cells from Liquid Media by Centrif¬ 
ugation or Filtration. The easiest and quickest way to remove 
bacteria or yeast from liquid media is by centrifugation. One of 
several types of apparatus may be used. Filtration techniques are 
not very satisfactory for obtaining large masses of bacterial cells 
from liquid media, since the cells are too small to be retained by ordi¬ 
nary filter paper; and, if one of the common filter candles is used, the 
pores soon become clogged. However, the bacterial species and molds 
which form a firm and compact pellicle on the surface of liquid media 
can be easily removed by filtration. Whichever procedure is used to 
obtain a mass of cells, it is necessary to centrifuge and wash the cellular 
mass a couple of times to be sure that the cells are freed from any 
adhering media. 
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Once the cells have been separated from the extraneous substances of 
the medium, they may be subjected to analysis to determine their 
water content and the amount and nature of their mineral constituents. 
In many studies part of the cells are submitted to a special fractionation 
in order to isolate the various components which may be present. For 

A Chemical Stuov^ Of Tubercle Bacilli 

Nitrogen and Phosphorus Distribution 


















































































THE MOISTURE CONTENT OF MICROORGANISMS 


365 


example, an aqueous extraction will remove some of the bacterial gums; 
treatment with a weak alkaline buffer solution will eliminate the nucleic 
acid; an acid buffer solution will dissolve the basic proteins; and solvents 
such as ether, chloroform, or acetone will educe fats and waxes. Greater 
yields of these components are often obtained if the cells are disinte¬ 
grated in a ball mill before they are fractionated. If it is necessary to 
store the mass of cells until a sufficient quantity is obtained, it should 
be kept in a dark bottle in a vacuum desiccator. 

A complete procedure for the study of the composition of the tubercle 
bacillus was outlined by Johnson (1926) and is given in Fig. 1. This 
general procedure may be followed when other organisms are being 
investigated. Probably many of the discrepancies which have occurred 
in the literature are due to the fact that the investigators have not 
followed a standard chemical procedure, such as the one suggested by 
Johnson. Proof of this fact may be found in the work by Johnson 
(1926), Anderson (1932), and others who have employed standard 
techniques. They have been able to repeat their studies many times 
with very little variation in the results. If certain factors, such as the 
composition of the culture medium, the age of the culture when har¬ 
vested, and the temperature of incubation are not carefully controlled, 
the results obtained in such studies may vary considerably. Table 1 
from the paper by Dawson (1919) illustrates how various media alter 
the chemical composition of Escherichia coU, This table needs no 
special explanation. The differences in chemical composition between 
individual bacterial species or genera may show even greater variation. 
This fact will be demonstrated in the next few pages. 

THE MOISTURE CONTENT OF MICROORGANISMS 

It is now well established that all living cells contain a high propor¬ 
tion of water. The estimation of the moisture content of microorgan¬ 
isms, as carried out by different investigators, has varied widely. A 
certain amount of variation is to be expected, however, since the truly 
capsulated organisms undoubtedly retain more moisture than those 
organisms which are devoid of a large capsule. 

The method generally used in determining the water content of cells 
is to observe the loss in weight resulting from drying at 100°C. to llO^C. 
in the air or in a vacuum oven at a lower temperature. Results for the 
moisture content of bacteria have been recorded above 95 per cent, 
but those given in Tables 1 and 2 will be found to range from 73.35 
per cent {Escherichia call) to 87.8 per cent {Bacillus mycoides); the 
average for bacteria seems to be about 80 per cent. Attention should 
also be called to the work of Friedman and Henry (1938), who have 
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studied the bound water content of vegetative and spore forms of bac¬ 
teria by the cryoscopic method. This method is based upon the 
assumption that bound water does not alter the freezing point of a 
given solution of sucrose. These investigators believe that the heat 
resistance of bacterial spores is due, in part at least, to the relatively 

TABLE 1 

Variation in Chemical Components op Escherichia coli in Relation to 
Chemical Composition of the Medium 

[From Dawson (1919)] 

Medium * 



I 

II 

III 

IV 

V 

VI 

VII 

VIII 


Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Water and volatile 

Cent 

Cent 

Cent 

Cent 

Cent 

Cent 

Cent 

Cent 

matter 

74.84 

7.25 

60.25 

75.01 

74.9 

60.69 

60.32 

79.55 

Ash 

4.8 

2.7 

2.5 

4.5 

4.5 

7.83 

7.69 

2.1 

Sulfur (total) 

0.06 

0.0 

0.0 

0.1 

0.09 

0.0 

0.0 

0.14 

Sulfur Goose) 

0.0 

0.0 

0.0 

0.02 

0.01 

0.0 

0.0 

0.03 

Phosphorus, P 2 O 6 

4.24 

3.48 

2.38 

2.89 

3.30 

1.69 

1.83 

0.92 

Calcium, CaO 

2,66 

0.05 

1.06 

2.62 

2.60 

2.34 

2.34 

0.19 

Nitrogen, total 

2,84 

3.02 

6.22 

2.40 

2.11 

4.32 

5.00 

5.02 

Nitrogen, amino 

0.77 

0.89 

2.97 

0.72 

0.69 

1.69 

1.65 

3.01 

Protein, coagulation 
Protein, acid-pre¬ 

2.99 

0.97 

4,66 

2.34 

2.47 

4.05 

5.32 

5.54 

cipitated 

Protein, alkaline- 

7.42 

6.61 

9.57 

7.32 

4.61 

6.47 

6.93 

2.08 

precipitated 

5.60 

7.44 

2.80 

6.05 

5.33 

6.63 

6.80 

4.22 

Protein, soluble 

0.05 

2.25 

1.31 

0.07 

0.10 

0.08 

1.21 

1.10 

Protein, insoluble 

0.05 

0.04 

0.09 

0.06 

0.99 

0.07 

0.10 

0.03 

Residue, insoluble 

1.00 

2.37 

2.00 

1.40 

1.70 

0.98 

1.49 

0.76 

Fats 

3.99 

4.32 

4.82 

5.77 

8.00 

t 

t 

5.07 

Carbohydrate 
Cellulose-like sub¬ 

4.00 

3.10 

2.19 

1.38 

2.69 

3.01 

2.88 

1.00 

stance 

1.00 

2.42 

2.01 

1.41 

1.75 

1.09 

1.52 

0.81 


♦ Composition of media: I. Peptone 1.0 per cent, meat extract 1.0 per cent, agar 
2.0 per cent. Neutral in reaction. II. Peptone 0.5 per cent, edestin 0.5 per cent, 
agar 2.0 per cent. Alkaline in reaction. III. Peptone 0.25 per cent, flour pro¬ 
teins 1.0 per cent, agar 2.0 per cent. Alkaline in reaction. IV. Peptone 0.25 
per cent, meat extract 1.0 per cent, glucose 1.0 per cent, agar 2.0 per cent. Neutral 
in reaction. V. Peptone 0.25 per cent, meat extract 1.0 per cent, glucose 1.0 per 
cent, glycerol 1.0 per cent, agar 2.0 per cent. VI and VII. Peptone 0.25 per 
cent, butter soap 1.0 per cent, agar 2.0 per cent. VIII. Peptone none; potato 
juice from whole unskinned potato, freed from starch, 500 g. potato per liter of 
medium. 

t Not determined because of extraneous fat attached to bacterial composition 
of media. 
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high percentage of water in the bound state. Their results are included 
in Table 2. Virtanen and Pulkki (1933), however, have found little 
difference in the free-moisture content of spores and vegetative cells of 
bacteria and suggest an enzyme theory for the difference in resistance. 
For comparison a few results for yeasts and molds are also included 
in Table 2. Yeasts average about 75 per cent moisture and molds 
about 85 per cent. 


TABLE 2 


Water (Free- and Bound-) Content op Microorganisms 



Free Water, 

Organism 

per cent Reference 

Mycobacterium tuberculosis 

85.9 

Cramer (1893) 

Corynebacterium diphtheriae 

84.5 

Nicolle and Alilaire (1909) 

Corynehaeterium xerosis 

84.93 

(Kappes) Leach (1906) 

MaUeomyces mallei 

76.49 

Nicolle and Alilaire (1909) 

Bacillus anthracis 

80.0 

1 Dyrmont (1886) 

B. ardhraciSy spores 

85.44, 

B. anthracis 

8.74 

Nicolle and Alilaire (1909) 

Bacillus megatherium 

79.7 


B. megatherium, spores 

Bacillus mycoides 

58.2 

87.8 

Henry and Friedman (1937) 

B. mycoides, spores 

70.6 


Pseudomonas aeruginosa 

74.99 


Serratia marccrscens 

Escherichia coli 

78.00 

73.35 

Nicolle and Alilaire (1909) 

Klebsiella pneumoniae 

85.55 


K. pneumoniae 

84.2 

Brieger (1885) 

Proteus, species 

83.42 

Rubner (1904) 

Proteus vulgaris 

79.99' 


EbertheUa typhosa 

78.93 


Salmonella typhimurium 

78.05 

Nicolle and Alilaire (1909) 

Shigella dysenteriae 

78.21 


Vibrio comma 

73.38 


V. comma (average for five strains) 

88.3 

Cramer (1895) 

Molds 

88.32-85.79 Sicber (1881) 

Mold spores 

38.87 

Cramer (1891) 

Yeasts 

83.0 

von Nageli (1878) 

Yeasts 

69.25 

Nicolle and Alilaire (1909) 

Yeasts 

54.0 

Beetlestone (1928) 

Yeast 

70.0 

Frey (1930) 


Bound Water, 


per cent 

Bacillus subtilis 

0.0 


B. subtilis, spores 

69.0 


Bacillus megatherium 

17.7 

Friedman and Henry (1938) 

B. megatherium, spores 

62.6 

Bacillus mycoides 

28.2 


B, mycoides, spores 

58.7. 
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THE ELEMENTARY COMPOSITION OF MICROORGANISMS 


Very few complete and thorough analyses of the elementary com¬ 
position of microorganisms have been reported. In most studies only 
figures for nitrogen and ash are given. The elements will now be dis¬ 
cussed under the headings of carbon and phosphorus, nitrogen, and ash 
content. All figures are listed as percentages of the dry weight. 


CARBON AND PHOSPHORUS CONTENT 

Bacteria, yeasts, molds, and viruses all possess about the same per¬ 
centage of carbon. Figures ranging from 22.42 per cent {Azotohacter 
chroococcum) to 64.06 per cent (Mycohdcterium tuberculosis) have been 
reported, but most of the values fall within the range of 45 to 55 per 
cent carbon. Several representative examples are given in Table 3. 
Northrop (1938) found that purified staphylococcus bacteriophage con¬ 
tain 40.6 to 41.8 per cent carbon, and McFarlane (1939) reported that 
several purified viruses contain approximately 50 per cent carbon. 
Determinations on mold tissues give about the same values. The de¬ 
terminations are usually made by converting the dry bacterial mass to 


TABLE 3 

Carbon Content op Microorganisms 


Organism or Body 
Mycobacterium tuberculosis (from 
broth) 

M. tuberculosis (from protein- 
free medium) 

Malleomyces mallei (from broth) 
Azotobacter chroococcum 
K. pneumoniae 
Diplococcus pneumoniae 
Vibrio, species 

Staphylococcus bacteriophage 
protein 

Influensa A and B virus 
Tobacco mosaic virus 
Aucuba mosaic virus 
Cucumber 3 and 4 virus 
Potato virus 
Bushy stunt virus 
Mold (from gelatin medium) 
Mold (from protein-free medium) 
Mold 


Carbon, 
per cent of 

dry weight Reference 


60.12-64.01 


62.16-63.35 
41.8-44.8 ) 
22.42 

49.44-50.891 
60.55-51.371 
50.4-51.76 


De Schweinitz and Dorset (1895) 


Omeliansky and Sieber (1913) 
Cramer (1893) 

Linton, Shrivastava, and Mitra 
(1934) 


40.6- 41.8 
53.2, 52.7 

60.74-53.25' 

49.07-60.46 

60.0-51.0 

47.7- 49.5 
47.0 

47.01-47.36 

46.03-46.36 

43.99-66.48 


Northrop (1938) 
Taylor (1944) 


McFarlane (1939) 


Sieber (1881) 
Maz4 (1902) 
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carbon dioxide and water and calculating the carbon as of the CO 2 . 
The percentage of hydrogen can also be calculated as the water. 

The phosphorus content of various microorganisms seems to vary 
from approximately 2.5 to 5.0 per cent. For example, Leach (1906) 
reported that Escherichia coli contains 2.87 per cent phosphorus, 
Stoklasa (1908) published a figure of 3.94 per cent for Azotobacter 
chroococcum, Stull (1929) found that pneumococcus, Type III, con¬ 
tained 2.92 to 2.94 per cent phosphorus, Northrop (1938) observed that 
a purified staphylococcus bacteriophage contained 4.6 to 5.0 per cent, 
and Mesrobeanu (1936) has reported figures of approximately the same 
magnitude for several different bacteria. 

NITROGEN CONTENT 

The total nitrogen content of microorganisms is usually calculated 
by the Kjeldahl method or one of its modifications. The micro-Kjel- 
dahl method is now widely used. There are several inherent drawbacks 
to such a technique, however, since the Kjeldahl method accounts for 
only about 85 per cent of the total nitrogen present. The nitrogen 
of certain compounds (nitro, azo, or azoxy compounds and such ring 
compounds as pyrimidines and purines) is not detected by tliis method. 

The total nitrogen content of the same bacterial species varies as 
reported by different investigators, and different bacterial species show 
an even wider range of total nitrogen (Table 4). Nicolleand Alilaire 
(1909) reported figures between 8.28 and 10.73 per cent nitrogen for 
various bacteria, and Linton, Mitra, and Shrivastava (1934) observed 
that the cholera vibrios vary between 13.75 and 15.57 per cent nitrogen. 
The usual range for nitrogen seems, therefore, to be from 8 to 15 per 
cent for bacteria. Fewer data are available on the animal and plant 
viruses, but they appear to be more uniform in nitrogen content than 
bacteria, and figures have been reported which vary between 13.0 and 
16.5 per cent nitrogen. Northrop (1938) purified a bacteriophage for 
staphylococcus and found it to contain 14.1 to 14.6 per cent nitrogen. 
A few comparative figures for yeast and molds are also listed in Table 4. 
All the values have been calculated on the basis of dry weight. 

ASH CONTENT 

The ash or mineral content of microorganisms is usually determined 
after a given weight of cells has been incinerated in a platinum crucible. 
In several studies both the total ash and the components of the ash 
have been determined, and in Tables 5 and 6 the results of several such 
investigations are listed. The figures reported for the ash content of 
microorganisms vary over a wide range. It will be noted in the accom- 
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TABLE 4 

Nitrogen Content of Microoboanismb 


Organism or Body 
Mycobacterium ivberculosie 
Af. tuberculosis 
M, tuberculosis 
Corynebacterium diphtheriae 
Corynebacterium xerosis 
Malleofnyces mallei 
M. mallei 

Azotobacter chroococcum 

A. chroococcum 
Azotobacter agilis 
Azotobacter vinelandii 
Azotobacter heijerinckii 
Azotobacter chroococcum 
Acetobacter aceti 
Acetobacter xylinum 
Bacillus subtilis 
Bacillus megatherium 
Bacillus mycoides 

B. mycoides^ spores 
Bacillus anthracis 
B, anlhrads, spores 
B. anthracis 

B. anthracis 

Pseudomonas aeruginosa 
Ps. aeruginosa 
Serratia marcescens 
Escherichia coLi 
E. coli 

Klebsiella pneumoniae 
K, pneumoniae 
ProteuSi species 
Proteus vulgaris 
P. vulgaris 
Eberthella typkosa 
E, typhosa 

Salmonella iyphimurium 
Shigella dysenteriae 
Vibrio comma 

V, comma and cholera-like vibrios 

Brucella rndUensis 
Brucella abortus 
Brucella suis 
Sarcina aurantiaca 


Nitrogen, 
per cent of 

dry weight Reference 


8.35-8.8 

7.27-9.14 

10.56 

9.75 

12.1 

14.05-14.8 

10.47 

8.6-11.3 

1,89-2.18 

8.16 

7.66 

2.46 
2.87 

4.17-6.61 

6.9 

5.964 

8.349 

10.3- 11.3 

10.4- 11.3 
6.8 

12.44 
12.285 
9.22 
10.834 
9.79 1 

10.56 J 

10.65 
10.32 

9.60 

8.33 

9,81 

6.791 

10.73 

11.65 
8.28 
9.55 
8.89 
9.79 

13.76-16.67 

12.73-13.06 

13.21-13.36 

13.66-13.98 

11.46 


Kresling (1901) 

De Schweinitz and Dorset (1896) 
(Agnew) Wheeler (1909) 

Tamura (1914) 

(Kappes) Leach (1906) 

De Schweinitz and Dorset (1895) 
Nicolle and Alilaire (1909) 
Stoklasa (1908) 

Omeliansky and Sieber (1913) 

Greene (1936) 


Kayser (1894) 

Alilaire (1906) 

Wheeler (1909) 

Virtanen and Pulkki (1933) 

Dyrmont (1886) 

Wheeler (1909) 

Nicolle and Alilaire (1909) 
Wheeler (1909) 

Nicolle and Alilaire (1909) 

Leach (1906) 

Nicolle and Alilaire (1909) 
Brieger (1885) 

Nicolle and Alilaire (1909) 
Rubner (1904) 

Wheeler (1909) 

Nicolle and Alilaire (1909) 
Wheeler (1909) 


Nicolle and Alilaire (1909) ' 


Linton, Mitra, and Shrivostava 
(1934) 

Huston, Huddleson, and Hershey 
(1934) 

Wheeler (1909) 
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TABLE 4 {Continiied) 
Nitboqen Content of Microorganisms 


Organism or Body 
Staphylococcus aureus (rough and 
smooth) 

S. aureus (two strains) 
Diplococcus pneumoniae 
D. pneumoniae^ type III 
£>. pneumoniaet type I 
D. pneumoniae^ type II 
D. pneumoniacy type III 
Z). pneumoniacy type IV 
Staphylococcus bacteriophage 
protein 

Elementary bodies of vaccinia 
virus 

Elementary bodies of vaccinia 
virus 

Rabbit papilloma virus 

Influenza A virus 

Influenza B virus 

Swine influenza virus 

Rous sarcoma No. 1 

Tobacco mosaic virus 

Tobacco mosaic virus 

Cucumber 3 and 4 virus 

Potato virus 

Bushy stunt virus 

Yeast 

Yeast, top 

Yeast, bottom 

Yeast 

Yeast 

Molds 

Molds 

Aspergillus glaucus 
Penicillium glaucum 
Mucor stolonifer 


Nitrogen, 
per cent of 

dry weight Reference 

10.82-11.49 Hoffstadt and Clark (1938) 
12.79,13.18 Fellowes and Routh (1944) 
10.406 Wheeler (1909) 

13.0-13.32 Stull (1929) 

9.4 

10.0 Ijeineweber, Kautsky, and Famu- 
8.0 lener (1923) 

8.8 

14.1- 14.6 Northrop (1938) 

13.3 Hughes, Parker, and Rivers 

(1935) 

13.0-13.3 MacFarlane and Salaman (1938) 

15.0 Beard and Wyckoff (1937) 

10.0 

9.7 Taylor (1944) 

9.0 

15.1- 15.5 Pollard (1938) 

16.5 Stanley (1937) 

14.4-16.6 

15.3-15.8 (Bawden and Pirie) McFarlane 
15.7-17.0 (1939) 

16.0 

8.38 Frey (1930) 

9 62 } 

6.32-6.16 Guicliard (1894) 

8.0 von Nageli (1878) 

5.37-6.88 Sieber (1881) 

2.26-fl.63 Maz6 (1902) 

8.26 

7.46 Marschall (1897) 

8.21 


panying table that results for vegetative bacteria range from 1.34 
to 13.86 per cent, for viruses from 0.72 to 5.8 per cent, for yeasts from 
6.6 to 10.17 per cent, and for molds from 5.97 to 12.2 per cent total ash; 
for bacteriophage the figure is 13.0 per cent. 

Spores of bacteria and molds seem to have a lower ash content than 
vegetative cells, but this has not been definitely proved. Partial ex¬ 
planation of these figures may be due to the medium on which the 
various organisms have been cultivated. Dawson (1919), for example, 
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TABLE 6 

Ash Content of Microoboanibms 



Ash, 


Organism or Body 

per cent 

Reference 

Mycobacterium tuberculosis 

2.31-2.72 

Kresling (1901) 

M.^tuberculosis 

11.47 

(Agnew) Wheeler (1909) 

M, tuberculosis 

9.56 

Tamura (1913) 

M, tvberculosis-hominis 

2.31-3.94 

1 

M. tuberculosis-bovis 

2.66-2.67 

[ De Schweinitz and Dorset (1902) 

Mycobacterium amum 

3.94-3.96 

1 

M. tuberculosis (Mulford) 

5.78 

Johnson and Brown (1922) 

Mycobacterium lacticola 

5.08-8.22 

Tamura (1913) 

Corynebacterium xerosis 

9.52 

(Kappes) Leach (1906) 

Malleomyces mallei 

5.18 

De Schweinitz and Dorset (1895) 

Azotobacter chroococcum 

4.16 

Omeliansky and Sieber (1913) 

A, chroococcum 

Azotobacter agilis 

4.24 

8.23 

1 Greene (1935) 

Acetobacter xylinum 

5.9 

Alilairc (1906) 

Bacillus subtilis 

Bacillus anthracis 

10.83 

7.76 

1 Wheeler (1909) 

B, anthracis, spores 

1.15 

Dyrmont (1886) 

B. anthracis (rough) 

B. anthracis (smooth) 

13.57 

12.7 

1 Damboviceanu and Barber (1931) 

Bacillus megatherium 

10.18 

Wheeler (1909) 

Bacillus mycoides 

5.6 1 

1 Virtanen and Pulkki (1933) 

B. mycoides, spores 

5.8 1 

Pseudomonas aeruginosa 

9.04 

Wheeler (1909) 

Phytomonas tumefaciens 

7.03 

Damboviceanu and Barber (1931) 

Serratia marcescens 

8.93-13.86 

Cramer (1891) 

Escherichia coli 

8.61 

Leach (1906) 

E, coli 

8.38 

(Agnew) Wheeler (1909) 

E, coli 

6.43 

Damboviceanu and Barber (1931) 

Klebsiella pneumoniae 

2.97-7.16 

Lyons (1897) 

Proteus, species 

8.06 

Rubner (1904) 

Proteus vulgaris 

10.88 

Wheeler (1909) 

EbertheUa typhosa 

5.7 

Wheeler (1909) 

E. typhosa 

6.36 


Salmonella paratyphi 

5.46 


Salmonella schottmuelleri 

7.15 

Damboviceanu and Barber (1931) 

Salmonella choleraesuis 

6.96 


Shigella dysenteriae (3 strains) 

7.19-8.34 


Brucella melitensis 

Brucella abortus 

4.54-5.26 

4.79-5.14 

Huston, Huddleson and Hershey 
(1934) 

Brucella suis 

Vibrio comma (average for five 

4.29-5.13 


strains) 

3.6 

Cramer (1895) 

V. comma 

1.34-3.73 . 


Vibrio strains 

2.29-3.04 

Linton, Shrivastava, and Mitra 


(1934) 
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TABLE 5 {Continued) 

Abh Content of Micboorganisms 


Organism or Body 
Staphylococcus aureus (2 strains) 
Staphylococcus citreus 
S. aureus 

Staphylococcus albus 
Neisseria calarrhalis 
Sarcina aurantiaca 
Diplococcus pneumoniae 
D. pneumoniae^ type III 
Staphylococcus bacteriophage 
protein 

Elementary bodies of vaccinia 
virus 

Rous sarcoma No. 1 

Tobacco mosaic virus 

Aucuba mosaic virus 

Cucumber 3 and 4 virus 

Potato “X” virus 

Yeasts 

Yeast, top 

Yeast, bottom 

Yeast 

Yeast 

Penicillium glaucumf spores 
P. glaucum 
Aspergillus glaucus 
Mucor stolonifer 
RhizopuSf species 


Ash, 

per c«ent Reference 

13.60,13.91 Fellowes and Routh (1944) 

11.51 

10.99 

11 20 Damboviceanu and Barber (1931) 
6.69 

5 78 } ^ (1909) 

8.48-8.6*1 Stull (1929) 


13.0 Northrop (1938) 

Hughes, Parker, and Rivers 
0.72 (1935) 

2.0-5.8 Pollard (1938) 

0.53-3.00 

0^ McFarlane (1939) 

2 . 0 - 2.5 

6.5-7.2 Guichard (1894) 

10 17 } (1904) 

8.74 Prey (1930) 

10.0 Garrod (1935) 

2.94 Cramer (1891) 

6.15 

5.97 ’ Marschall (1897) 

6.88 

6.14-12.2 Cramer (1891) 


reported ash contents varying from 2.1 to 7.83 per cent for Escherichia 
coli when grown on different media. Similar results have been recorded 
by Cramer (1897), Tamura (1913), and Damboviceanu and Barber 
(1931). 

More recently Curran, Brunstetter, and Myers (1943) have in¬ 
vestigated the elementary inorganic composition of vegetative cells 
and spores of bacteria by spectrographic analysis. Some of their data 
are listed in Table 7, where it will be seen that the vegetative cells of 
several aerobic bacilli are relatively high in potassium and phosphorus, 
as compared with the spores of the same species. On the other hand, 
the spores contain more calcium, copper, and manganese than the 
vegetative cells from which they were derived. Although there is no 
direct correlation between the inorganic composition of the spores of 
the various bacteria and their resistance to heat, a high calcium con¬ 
centration seems somewhat related to enhanced heat tolerance. 
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There seems to be a general agreement that a high proportion of the 
total ash of microorganisms consists of phosphorus and potassium. 
Barber (1932) reported that staphylococci contain ten to twenty 
times more potassium in their ash than do other bacteria, and Eher- 
thella typhosa contains twice as much as Salmonella paratyphi and ten 
times as much as Salmonella schottmuelleri. On the other hand, Sal¬ 
monella paratyphi contains twice.as much iron as Salmonella schott¬ 
muelleri and three to four times more than the typhoid organism. 

Yeasts show high percentages of phosphorus and potassium. Among 
the other chief mineral constituents which have been identified are 
sodium, magnesium, calcium, silicon, and iron. Richards and Trout¬ 
man (1940) have made a qualitative spectroscopic analysis of the min¬ 
eral content of yeast (Saccharomyces cerevisiae) grown on synthetic 
and natural media. The elements found were as follows: barium, bis¬ 
muth, boron, calcium, chromium, copper, gold, iron, lanthanum, lead, 
magnesium, manganese, phosphorus, platinum, potassium, silver, so¬ 
dium, thallium, tin, and zinc. 

THE PROTEIN AND OTHER NITROGENOUS COM¬ 
PONENTS OF MICROORGANISMS 

The protein content of microorganisms is usually based on their 
total nitrogen content, as determined by the Kjeldahl method or one of 
its modifications. The calculation is made by simply multiplying the 
nitrogen content by the standard factor 6.25. This procedure will lead 
to some error, since the conversion factor is an average value based 
on proteins containing 16 per cent nitrogen. Another source of error 
is the Kjeldahl method itself, which detects only about 85 per cent of 
the total nitrogen present. The nitrogen present in certain compounds 
(nitro, nitroso, azo, and azoxy compounds or such ring compounds as 
purine and pyrimidine bases) is beyond estimation by this method. 
The values recorded for nitrogen are usually within the range 8 to 15 
per cent for bacteria, 13 to 16 per cent for viruses, 5 to 10 per cent for 
yeasts, and 2.2 to 7.0 per cent for molds, corresponding to protein 
contents of approximately 50 to 93.7 per cent, 81.2 to 100 per cent, 
31.2 to 62.5 per cent, and 13.7 to 43.6 per cent, respectively. 

The proteins are essential components of all living cells and are 
probably the most complex substances synthesized by microorgan¬ 
isms. They can be built up from the very simplest starting ma¬ 
terials. Because of their complexity, their lability, their colloidal 
nature, and the lack of any criterion of purity, they are very difficult 
substances to study chemically, and we do not know too much about 
their structure. However, considerable progress has been made in 
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recent years in the determination of their structure [see Bull (1941)]. 
Since the proteins of bacteria and related bodies are very much like 
those of higher plants and animals, we assume that they are built up in 
much the same manner. For instance, amino acids are probably 
joined together through the carboxyl group of one and the amino group 
of another to form peptide linkages, thus: 

R • CHNH 2 • COOII + NH 2 CH • R = R. CHNH 2 • CO • NHCH • R + H 2 O 

I I 

COOH COOH 

If this process is repeated, a tripeptide is formed; and, if it is contin¬ 
ued, polypeptides, protamines, and eventually proteins are formed. 
Other ways of linking amino acids may be present in proteins. 

The proteins have very high molecular weights. According to 
Svcd})erg (1937), they are multiples of about 35,100, but this value has 
been questioned by some workers. Several of Svedberg's calcula¬ 
tions, obtained with the aid of an ultracentrifuge, are: 


Molecular 

Protein Weight 


Lactalbumin-a 

17,600 = 

h 

X 

35,100 

Erythrocruorin (Area) 

35,100 




CO hemoglobin (horse) 

70,200 = 

2 

X 

35,100 

Serum globulin (horse) 

140,400 =- 

4 

X 

35,100 

Erythrocruorin (Daphnia) 

421,200 = 

12 

X 

35,100 

Hemocyanin (Nephrops) 

842,000 = 

24 

X 

35,100 

Ilemocyanin (Octopus) 

2,950,000 = 

84 

X 

35,100 

Hemocyanin (Helix pomatiay main compound) 

6,740,000 - 

192 

X 

35,100 

Hem(3cyanin (Busycony aggregation compound) 

10,100,000 = 

288 

X 

35,100 

Tobacco mosaic virus protein 

17,000,000 = 

470 

X 

35,100 


Complex bacterial proteins can be hydrolyzed into their constituent 
amino acids, but we know very little about the arrangement of these 
components in the protein molecule. Little knowledge is available in 
regard to the nature and amount of coagulable proteins in bacterial 
cells. Boivin and Mesrobeanu (1934), who observed a total nitrogen 
figure of 13.7 per cent dry weight for Escherichia coliy reported that 
only 0.65 per cent of this nitrogen was soluble in trichloracetic acid, 
the remaining 13.05 per cent being precipitated hy the acid. They gave 
figures for other organisms too, but in every case the nitrogen precipi¬ 
tated by trichloracetic acid formed more than 80 per cent of the total 
nitrogen. It is at present impossible to say whether the coagulable 
protein is present in the form of globulin or albumin or both. Nicolle 
and Alilaire (1909), in reviewing the work of other investigators, state 
that albumins have been isolated from various bacteria, but the pres¬ 
ence of globulins is in doubt. However, the work of Linton, Mitra, 
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and Shrivastava (1934) shows that in Vibrio comma and cholera-like 
vibrios the coagulable protein is almost all in the form of globulin, 
since it is precipitated by half-saturation with ammonium sulfate. 
Of the noncoagulable nitrogen, Boivin and Mesrobeanu (1934) found 
that about one-quarter was present as polypeptides or amino acids 
and about one-quarter as ammonium compounds. 

The proteins of the Mycobacterium tuberculosis and related acid-fast 
bacilli have been studied more extensively than those of any other 
bacteria. By immunological methods it has been possible to show that 
the protein of the human-type tubercle bacillus is different from that 
of several other acid-fast bacilli. This entire problem has been re¬ 
viewed recently by Seibert (1941), and her review should be consulted 
for many significant data. 

A protein with interesting properties has been isolated from the mold 
Aspergillus sydowi by Bohonos, Woolley, and Peterson (1942). It 
was resistant to hydrolysis by such proteolytic enzymes as pepsin, 
papain, trypsin, pancreatin, ficin, and a special mold enzyme. It was 
insoluble in water but soluble in dilute alkali. It contained 11.3 per 
cent nitrogen, 1.9 per cent ash, 3.5 per cent hexosamine, 9.1 per cent 
reducing sugar (as glucose), 0.7 per cent phosphorus, 0.5 per cent 
purine nitrogen, and a trace of sulfur. The amino acids histidine, 
arginine, lysine, tyrosine, aspartic acid, leucine, proline, and trypto¬ 
phan were isolated from the protein hydrolysate. 

Partially degraded proteins, protamines, peptones, and polypep)- 
tides may also be present in microbial cells, as well as such conjugated 
proteins as glycoproteins, lecithoproteins, phosphoproteins, and nucleo- 
proteins. The nucleoproteins are very important and will now be 
discussed in more detail. 

THE NUCLEOPROTEINS OF BACTERIA 

The nucleoproteins, nucleic acids, and similar substances are of great 
biological significance, since they form the most important constituent 
of the cell—nuclear material—without which cell life and cell activity 
would be impossible. In most bacteria the nuclear material seems 
to be uniformly dispersed throughout the cell, but in others there 
is some indication that it may be collected in the form of granules. 
All investigators are agreed that bacteria have a fairly high nucleo- 
protein content, and figures have been reported ranging from 2.0 per 
cent to above 5.0 per cent, based on dry weight. 

The nucleoproteins are soluble in dilute alkali and can be precipitated 
from such a solution by weak acids. Their molecules are very complex 
and upon hydrolysis break down to yield other proteins and nuclein. 
The nuclein can be further hydrolyzed to nucleic acid and still another 
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protein. It is known that the nucleic acids are composed of phosphoric 
acid, carbohydrates, and certain purines and pyrimidine bases. The 
following scheme illustrates one concept of nucleoprotein and its hydro¬ 
lytic products. 

Nucleojprotein 
Protein -f Nuclein 
Protein + llucleic acid 


Purine nucleotides I^yrimidine nucleotides 


H 3 PO 4 Purine nucleosides H 3 PO 4 Pyrimidine nucleosides 


Sugar Purine bases 

Adenine 
Guanine 


Pyrimidine bases Sugar 
Cytosine 
Thymine 
Uracil 


Principally as a result of the work of Kossel, who in 1891 made the 
first hydrolysis of a protein-free nucleic acid, the nucleic acids became 
allocated to two groups, that from yeast being representative of one 
group (ribose nucleic acid) and that from the thymus gland and fish 
sperm being typical of the other group (desoxyribose nucleic acid). 
The products of hydrolysis of the two principal nucleic acids may be 
listed as follows: 


Yeast Nucleic Acid 
Adenine, N==C NHa 

i—NH 




^CH 


Guanine, HN—CO 


Cytosine, N==CNH2 

o=i (L'h 

Hi-iH 

Umoil, HN—0-0 

o-A Ah 

Hill—(H jH 


CH 


Thymonucleic Acid 
Adenine 

Guanine 

Cytosine 

Thymine, HN—C==0 

icHs 

Hi!)— 


(l-2-Desoxyribo8e, H(!x)H 
(!3H2 
H^OH 
H^OH 
inii- 


0 


d-Ribose, CsHirfls 
Phosphoric acid, HsP04 


Phosphoric acid 
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Thus these two nucleic acids differ in composition with regard to the 
constituent sugar and one pyrimidine base. The striking difference in 
the physical and chemical properties of these two acids is due to the 
nature of the sugar component, so that the two classes are now known 
as the ribose nucleic acids and the desoxyribose nucleic acids, respec¬ 
tively. The earlier distinction between plant nucleic acid and animal 
nucleic acid has been abandoned upon the definite discovery of ribose 
nucleic acid derivatives concomitantly with thymonuclcic acid in 
animal tissues. This fact is mentioned because frequently in the bac¬ 
teriology literature reference is made to the isolated nucleic acid as 
plant or animal nucleic acid. 

The presence of nucleins in bacteria was suspected by many of the 
early bacteriologists because of the affinity of bacteria for the nuclear 
stains. Nishimura (1893) was one of the first investigators to study 
this problem, and he found adenine, guanine, xanthine, and hypoxan- 
thine in an organism which he called a water bacillus. About the same 
time Aronson (1900) demonstrated nucleoprotein in defatted diphtheria 
bacilli and determined the presence of xanthine, phosphoric acid, and a 
pentose sugar. Levene (1904) found the nucleic acid from Mycobac-- 
terium tuberculosis to contain thymine and uracil. The purines, ade¬ 
nine, guanine, and hypoxanthine, were shown to be present in Azotobac- 
ter chroococcum by Stoklasa (1908). In 1913-1914 Tamura studied 
in detail the nucleic acids from M. tuberculosis and Coryriebactcrium 
diphtheriae. From the first of these organisms he isolated a substance 
which was insoluble in weak acids, salt solution, and water but soluble 
in dilute alkalies and concentrated sulfuric acid. This material con¬ 
tained 0.7 per cent phosphorus and 9.2 per cent nitrogen. Adenine and 
probably hypoxanthine were demonstrated, but not guanine and 
xanthine. Adenine was also demonstrated in C. diphtheriae. 

Long (1921) determined the purines in the nucleic acid (tuberculinic 
acid) of the tubercle bacillus and isolated guanine and adenine but did 
not find xanthine or hypoxanthine. No purines could be demonstrated 
in the filtrates from the bacteria. The pyrimidine bases of M. tubercu¬ 
losis were studied by Johnson and Brown (1922). From 7 g. of tubercu¬ 
linic acid they were able to obtain 0.1035 g. of cytosine and 0.0756 g. of 
thjonine. Uracil was not present, and pentose was present in only a 
very small quantity. Its content of thymine and cytosine and its 
freedom from uracil led these investigators to believe that they were 
dealing with thymonuclcic acid. An interesting observation was made 
by Brown and Johnson (1923), who identified levulinic and formic 
acids after acid hydrolysis of tuberculinic acid, thus indicating that the 
main sugar present was hexose. It was also noted that the guanine 
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component was more readily split off from the original tuberculinic 
acid than were the other bases, leaving, apparently, a stable trinucleo¬ 
tide containing adenine, thymine, and cytosine. Analysis for carbon, 
hydrogen, nitrogen, and phosphorus agreed closely with the theoretical 
value for an acid to which they gave the following formula: 

HO 

\ 

0=P0—CflHio 04 —C 5 H 4 N 6 (Adenine group) 

HO 0 

\ I 

0=P0—CeH802— C 5 H 5 N 2 O 2 (Thymine group) 

/ 

HO 

O 

HO I 

\ I 

0=P0—CfilluOa— C 4 H 4 N 3 O (Cytosine group) 

HO"^ 

About this same time Johnson and Coghill (1925) obtained as a 
product of the hydrolysis of tuberculinic acid, 5-methyl cytosine: 

N==C.NH2 

I I 

0=C CCH 3 

I II 

HN—CH 

a pyrimidine not previously identified in nature. Its exact relationship 
to the nucleic acid molecule was not determined. In a closely related 
organism, Mycobacterium phlei, the nucleic acid differs significantly 
from the tubercle bacillus. Coghill (1931) found that it contained 7.9 
per cent phosphorus, 14.9 per cent nitrogen, and 20 per cent pentose; 
upon hydrolysis it produced adenine, guanine, and the two pyrimidine 
bases, cytosine and uracil, but not thymine. Thus a composition 
corresponding very closely to that of yeast nucleic acid was determined. 
In the following year Coghill and Bam4s (1932) published a study of 
nucleic acid obtained from Corynebacterium diphtheriae. In a purified 
sample they found 8.05 per cent phosphorus, 14.5 per cent nitrogen, 
12.4 to 13.8 per cent pentose, and 24 to 29 per cent thymonucleic acid. 
Three pyrimidine bases, thymine, cytosine, and uracil, were demon¬ 
strated, the presence of which indicates that the acid from this organism 
is a mixture of the two main types or is an entirely different type of 
nucleic acid. 
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The presence of nucleic acid in Escherichia coli was demonstrated by 
Schaffer, Folkoff, and Bayne-Jones (1922). Guanine was found, but no 
pentose, as indicated by a negative orcinol reagent test. Lancefield 
(1928) and Heidelberger and Kendall (1931) found a nucleoprotein in 
Streptococcus pyogenes and demonstrated that it was the yeast (ribose) 
type. More recent studies, however, by Sevag, Smolens, and Lackman 
(1940) and by Sevag and Smolens (1941) have given us further informa¬ 
tion on the nucleoprotein of S. pyogenes. Of the total nucleic acid con¬ 
tained in streptococci it appears that 10 to 30 per cent is desoxyribose 
(thymus) nucleic acid, the remainder being of the d-ribose (yeast) type. 
Boor and Miller (1931) studied the nucleoprotein substance isolated 
from the gonococcus and its serological relationship to the meningo¬ 
coccus and pneumococcus. Crass precipitin reactions were obtained, 
suggesting a common nucleoprotein for all these organisms. Menzel 
and Heidelberger (1938) have also shown that different fractions of 
Mycobacterium phlei and other acid-fast bacilli contain different 
amounts of nucleic acid and react differently serologically. More re¬ 
cently Seibert (1941) has reviewed the chemistry of the proteins of the 
acid-fast bacilli and has discussed the importance of the various com¬ 
ponents. 

Boivin and Mesrobeanu (1934) and Mesrobeanu (1936) have made 
extensive studies of the purine bases present in E, coli, Proteus vulgaris, 
Salmonella typhimurium. Pseudomonas aeruginosa, and several other 
organisms. They observed that adenine was the dominant purine 
base; in E, coli it constituted 70 per cent of the purine nucleoside, and 
in P. vulgaris, 63 per cent. Purines were demonstrated in all the bac¬ 
teria studied. The nucleoproteins of the species of the genus Brucella 
have been studied by Huston, Huddleson, and Hershey (1934), Top¬ 
ping (1934), and Stahl, Pennell, and Huddleson (1939). According to 
Stahl, Pennell, and Huddleson, the protein-nucleate comprises approxi¬ 
mately 14 per cent of the total dry weight of the cells in preparations 
from smooth strains and about 18 per cent in preparations from inter¬ 
mediate-rough and rough strains. The protein component comprises 
about 70 to 75 per cent of the protein-nucleate prepared from smooth 
strains and approximately 60 per cent of the protein-nucleates pre¬ 
pared from rough strains. Guanine, adenine, and cytosine, hut not 
th 3 nnine and uracil, were found in the nucleic acids. Both pentose and 
desoxypentose sugars were present. These data tend to show that there 
are two nucleic acids present in species of the genus Brucella; the other 
alternative, a nucleic acid composed of both pentose and desoxypentose 
nucleotides, is possible but improbable. The results of precipitation 
studies with the protein-nucleates and protein components from 
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smooth-strain preparations show that they are not type specific and 
that the nucleic acid possesses no precipitating power. Similar prepara¬ 
tions from the rough strains reacted only slightly with homologous and 
heterologous antisera, and here again the nucleic acid possessed no pre¬ 
cipitating power. 

Mitra (1936) found cytosine and uracil in the nucleic acid from Vibrio 
comma, but thymine was absent. The presence of such components led 
Mitra to believe that this acid belonged to the ribose (yeast) type of 
nucleic acid. The yield from the cholera vibrios was only 0.15 per cent. 
The nucleoprotein from Bacillus anthracis yielded adenine and guanine 
upon hydrolysis, according to Ferramola (1935, 1937). 

Thompson and Dubos (1938) and Lavin, Thompson, and Dubos 
(1938) have reported some very interesting data on the nucleic acid 
content of a rough culture derived from pneumococcus, type II. They 
removed the nucleoprotein and nucleic acid from the pneumococcus 
cells by a carefully controlled process of autolysis which did not com¬ 
pletely destroj'^ the cell structure but altered their Gram reaction from 
positive to negative. A chemical study revealed that the nucleic acid 
was of the ribose (yeast) type, although it did not give exactly the same 
N : P ratio as yeast nucleic acid. They believed the protein moiety 
of the nucleoprotein belonged to the group of protamines or histones. 
The nucleic acid and nucleoprotein fractions were further studied by 
determining their ultraviolet absorption spectra. The measurements 
were made with a Spekker spectrophotometer and a small Hilger quartz 
spectrograph. Curves were obtained by plotting the absorption co¬ 
efficient against the wavelengths in angstroms. The absorption co¬ 
efficient, a, was defined by the expression: 

1 , Iq 

where c = concentration in milligrams per milliliter. 

I = cell length in centimetei's. 
lo = intensity of light falling on the cell. 

I = intensity of light after passing through the cell thickness of 
length I (1 cm.). 

The curves were further checked by photographs taken with the 
continuous light from a hydrogen discharge tube. The maximum of 
the pneumococcus nucleoprotein at 2,600 A. was not due to trypto¬ 
phan, which displays a maximum at 2,780 A; or to tyrosine, which 
exhibits a maximum at 2,750 A. It corresponds closely, however, 
to the maxima observed for pneumococcus (Fig. 2, curve A) and for 
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yeast (curve B) nucleic acid. Figure 2, taken from the paper by 
Lavin, Thompson, and Dubos, shows the relationship of plotted values. 

Akasi (1938) made a study of the nucleic acid of the typhoid bacillus 
of mice {Salmonella typhimurium). Starting with 450 g. of fat-freed 
dried bacilli, he carefully isolated a pure nucleic acid in a yield corre¬ 
sponding to 1.6 per cent. The pure material contained 14.48 per cent 
nitrogen and 9.03 per cent phosphorus. It gave not only the pentose 
reaction but also Feulgen’s reaction, showing the coexistence of ribose 



A (A") 


Fiq. 2. Absorption Coefficient Curves. Ciirve A = sodium salt of nucleic acid 
obtained from pneumococcus (0.031 mg./ml.); curve B = yeast nucleic acid (0.031 
mg./ml.); curve C = acetic acid precipitate (nucleoprotein) obtaineri from super¬ 
natant in which pneumococci had become Gram-negative (0.128 mg./ml.). (From 
Lavin, Thompson, and Dubos, 1938.) 

and desoxyribose as a sugar component. The purine bases, guanine 
and adenine, were isolated in equimolecular proportions, and the py¬ 
rimidine bases, thymine, cytosine, and uracil, were identified. The 
proportion of purine N to total N was 60.2 per cent and that of purine 
nucleotide P to total P, 53.9 per cent, corresponding to the proportions 
required for tetranucleotide. The presence of the various components 
in this acid led Akasi to suggest that possibly a special type of nucleic 
acid was present in bacteria. 

According to LePage and Umbreit (1943), the adenine nucleotide 
present in the autotrophic bacterium, Thicbadllus thiooxidans, is 
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adenosine-3-phosphate rather than adenosine-5-phosphate, which is the 
usual ester obtained from muscle, yeast, and a number of bacteria 
{Escherichia coli^ Bacillus suhtilis, Staphylococcus aureus^ and Pseudo^ 
rrumas fluorescens). The implication is that either the autotroph has a 
more primitive metabolism and is unable to convert adenosine-3-phos- 
phate to adenosine-5-phosphate or that it gains some advantage of 
energy transfer by possession of the different ester. This is the first 
time this ester has ever been demonstrated in nature. 

In summary, we can say that the nucleoproteins which have been iso¬ 
lated from different bacteria by various investigators belong to both 
the ribose (so-called yeast) and desoxyribose (so-called thymus) groups, 
and no one type is common to all bacteria. Furthermore, the nucleo- 
protein of diphtheria bacilli, species of the genus Brucella, typhoid 
bacilli of mice, and certain streptococci is a mixed type, or possibly an 
unknown type. The autotrophic bacterium Thiobacillus thiooxidans 
contains the purine nucleotide adenosine-3-triphosphate as a compo¬ 
nent of its nucleoprotein rather than adenosine-5-triphosphate, the 
type present in most other cells. 

Penicillium glaucum consists of 0.9 per cent nucleic acid of the yeast 
type, according to Akasi (1939). Bacteriophage has the composition 
of a nucleoprotein, according to Northrop (1938). Likewise some of 
the viruses contain considerable amounts of nucleoprotein. For ex¬ 
ample, Hoagland, Lavin, Smadel, and Rivers (1940) studied the proper¬ 
ties of nucleic acid obtained from vaccinia virus and found it to be of 
the thymonucleic acid type; on the other hand, the nucleic acid isolated 
from proteins of cucumber virus 4 and tobacco mosaic virus is of the 
yeast type [Knight and Stanley (1941)]. 

THE AMINO ACIDS OF BACTERIA 

When bacterial proteins are hydrolyzed, they yield about the same 
amino acids as do proteins from other sources. Several examples will 
serve to illustrate this point. Arginine, histidine, and lysine appear to 
be almost always present in bacteria and other microorganisms, since 
they have been isolated many times. Besides these three amino acids, 
Tamura (1913, 1914) demonstrated Z-phenylalanine, Z-proline, valine, 
tyrosine, and tryptophan in Mycobacterium tuberculosis and Mycobac^ 
terium lacticola, and tyrosine, leucine, isoleucine, Z-proline, valine, and 
tryptophan in Corynebacterium diphthenae. Phenylalanine could not 
be demonstrated in the latter organism. Mitra (1936) in a study on 
the racemization of the proteins of Vibrio comma found the diamino 
acids, arginine, histidine, and lysine, and the monoamino acids, glycine, 
alanine, valine, leucine, tyrosine, aspartic acid, glutamic acid, proline, 
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and hydroxyproline. Isoleucine, phenylalanine, serine, and cystine 
were not identified. Chargafif (1939) has isolated aspartic and glutamic 
acids from Phytomonas tumefaciens and Corymbacterium diphlheriae 
and has demonstrated that they have the normal i-(+)-configuration. 

Csonka (1936) studied the proteins of Saccharomyces ceretdsiae and 
reported the presence of the amino acids, cystine, tryptophan, tyrosine, 
arginine, histidine, and lysine. Most of the other amino acids have also 
been demonstrated in yeasts by other investigators [see Meisenheimer 
(1919, 1921)]. Glycine, alanine, leucine, glutamic acid, and aspartic 
acid have been found in the protein from Aspergillus niger by Abder- 
halden and Rona (1905), but proline, phenylalanine, and tyrosine were 
lacking. Woolley and Peterson (1936,1937) isolated leucine, isoleucine, 
arginine, histidine, and lysine from the defatted mycelium of Asper-- 
gilhts sydowi. 

The amino acids in strains of tobacco mosaic virus and in the related 
cucumber viruses 3 and 4 have been studied in some detail by Knight 
and Stanley (1941). Analysis of twelve preparations of tobacco mosaic 
virus indicated the presence of 3.8, 4.5, and 6.0 per cent of tyrosine, 
tryptophan, and phenylalanine, respectively. The results obtained for 
yellow aucuba, green aucuba. Holmes^ masked, and other strains of 
tobacco mosaic virus were the same as those for tobacco mosaic virus 
within experimental error. On the other hand, pronounced differences 
were found in Holmes^ ribgrass strain of tobacco mosaic virus and cu- 
ciunber viruses 3 and 4. The tyrosine, tryptophan, and phenylalanine 
values for the tobacco mosaic viruses were 6.4, 3.5, and 4.3 per cent, 
respectively, and about 3.8, 1.4, and 10.2 per cent, respectively, for 
the cucumber viruses. From these results the authors concluded that 
the mutation of tobacco mosaic virus to form a new strain may be 
accompanied by changes in the amino acid composition of the virus. 

A complete hydrolysis of a protein and the isolation of its various 
components is a rather long, tedious process and is often not very accu¬ 
rate. Other techniques have, therefore, been sought to determine the 
nattu^ of a protein without elaborate and detailed amino acid separa¬ 
tion. Probably the most successful of these methods is that of Van 
Slyke, which determines the distribution of nitrogen between the 
monoamino and diamino groups. The details can be found in the origi¬ 
nal papers by Van Slyke or in the articles or biochemistry books of 
several other workers. Only a brief discussion will be given here, so that 
the accompanying diagram may be better understood. 

The nitrogen in protein is generally regarded as being distributed 
according to the following scheme: 
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IL Amide N. Cystine (estimated froml Contains only 

III. Humin N. A sulfur determination). | amino N. 

IV. Basic N (precipitated Lysine. 

by phosphotungstic Arginine. Three-fourths of N is non¬ 
acid). g amino N. 

I. Total L Histidine. Two-thirds of N is nonamino 

Nitrogen N. 

V. Monoamino N-f. ^ Glycine, dicarboxylic acids, etc. 

Nonamino N (notprc- 1 Tryptophan. Half of N is amino N. 
cipitated by phos- Tryptophan. Half of N is nonamino N. 
photungstic acid). B ^ Proline 1 Contain only 

L [HydroxyprolineJ nonamino N. 

To determine the distribution of nitrogen in a protein by the Van 
Slyke method, the protein is first hydrolyzed by strong acid, and the 
nitrogen in the various groups is estimated as follows: 

I. Total nitrogen by Kjeldahl technique. A portion of the hydrolysis 
mixture is oxidized with concentrated H 2 SO 4 , whereupon the 
nitrogen is converted into anunonium sulfate. Excess of alkali is 
added, and the mixture distilled into standard acid. 

II. Amide nitrogen. A portion of the hydrolyzed solution is evap¬ 
orated in vacuo to remove the excess of acid and is neutralized vnth 
magnesium oxide, the amide nitrogen distilled off as ammonia in 
vacuo at 40®C. The ammonia is collected in standard acid. 

III. Humin nitrogen. A black residue remains in the flask used in the 
previous determination (II) which can be filtered off and the nitro¬ 
gen estimated by Kjeldahrs method. The humin nitrogen is 
usually attributed to tryptophan. 

IV. Basic nitrogen and cystine nitrogen. The filtrate from III is acidi¬ 
fied with H 2 SO 4 and phosphotungstic acid is added. This sep¬ 
arates the nitrogenous constituents of groups IV and V, those of 
group IV being precipitated by phosphotungstic acid, those of 
group V remaining in solution. The precipitate is filtered off and 
the complex decomposed with barium chloride. A new precipitate, 
barium phosphotungstate, is formed and can be filtered off. Then: 


a. The total nitrogen of a portion of fraction IV is determined 
by the method of Kjeldahl. 

b. The arginine nitrogen is resolved by boiling a portion of the 
solution with strong sodium hydroxide. One-half of the ar¬ 
ginine nitrogen is converted into ammonia and can be 
titrated. 

c. The cystine nitrogen is ascertained from an estimation of the 
sulfur as sulfate. 

d. The total amino nitrogen of fraction IV is determined by the 
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TABLE 8 

Distribution of Nitrogen in the Proteins op Microorganisms 



Axotobacter 

ehrooeoceutn 

Axoto¬ 
bacter 
Offilie, 
Per Cent ^ 

Corynehacterium 

diphtheriae,* 

Per Cent * 

Corynebacterium 

diphtheriae 

Per Cent t 

Per Cent * 

Per Cent ^ 

Defatted 
Bacilli, 
Per Cent * 

Amide N 

Humin N 

9.76 t 
3.67 

17.90t 

9.62 

13.42 t 
13.18 

24.75 

12.30 t 
1.29 

11.55 

2.29 

Dibasic N 
Arginine 
Histidine 
Lysine 

Cystine 

26.47 

10.36 

1.63 

14.66 

0.0 

20.00 

16.25 

0.11 

3.14 

0.50 

26.90 

19.19 

0.16 

7.24 

0.31 

1()!64 

1.03 

4.93 

32.86 

15.88 

6.02 

9.69 

1.91 

35.00 

17.16 

7.46 

9.09 

1.26 

Mono- and non¬ 
amino N 
Amino N 
Nonamino N 

60.15 

66.33 

4.82 

52.50 

60.34 

2.16 

45.77 

44.33 

1.44 

64.62 

Unknown N « 3.76 
Nils - 0.27 

53.04 

44.80 

8.30 

65.39 

47.41 

7.97 

Total N ac¬ 
counted for 

99.96 

99.96 

99.27 

100.00 

99.49 

104.23 


Mycobacterium 
lacttcola * 

Mycobac¬ 

terium 

tuberculosie,* 
Per Cent * 

Mycobacterium tuberculoeix 
(Tuberculinio Acid Removed) 

Broth, 

Per Cent * 

Synthetic 
Medium, 
Per Cent* 

Per Cent« 

Per Cent f 

Per Cent ^ 

Amide N 

Humin N 

14.52 

17 

16.79 

11.83 

4.11 

13.60 

6.72 

10.23 

6.66 

Dibasic N 
Arginine 
Histidine 

Lysine 

CS^stine 

il!69 

1.11 

1.23 

0.00 

io!92 

1.11 

1.18 

0,00 

7.^ 

1.53 

1.49 

0.00 

27.06 

10.63 

11.48 

3.69 

1.26 

26.62 

10.28 

9.13 

7.21 

Trace 

29.71 
12.21 
13.81 t 
3.69 % 
Trace 

Mono- and non¬ 
amino N 
Amino N 

Nonamino N 

^^74 

Unknown 

N - 3.57 
NHs - 0.91 

63.62 

Unknown 

N - 4.86 
NHs 1 - 0.54 

^’.59 

Unknown 

N - 6.01 
NHs - 1.15 

66.73 

47.39 

9.34 

55.98 

62.10 

3.88 

63.40 

60.30 

3.10 

Total N ac¬ 
counted for 

99.77 

100.03 

100.20 

99.73 

102.82 

100.00 


* Not by Van Slyke method, 
t Average of different determlnatione. 

X Total baeie nitrogen determination lost. Caloulated by difference, 
t W. L. Omelianaky and N. D. Sieber. 1918. Z. pkyriol, Ckem,, 88:446. 
s R. A. Greene. 1936. SoU Set., 88 *.327. 

*S. Tamura. 1914. Z. phytiol. Chem., 89:289. 

^ J. Hirseh. 1931. Z. Hyo. Infikti&Mkr., 118:660. 

*8. Tamura. 1913. Z. phyaiol. Chrnn., 87:84, 88:190; H. Popper and J. Warkany. 1926. Z. 
Tuherk., 48:368. 

*T. B. Johnaon and E. B. Brown. 1922. J. Biol. Ckem., 84:721. 

7T. B. Johnson and R. D. Coghilb 1926. J, Biol. Chom., 88:226. 
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TABLE 8 (Continued) 

Distribution op Nitrooen in the Proteins op Microoroanisms 



Escherichia ecli 


Vibrio comma and Cholera>Uke Vibrios 


Alanine 

Cystine 

Two Agglutinable 

Glucose 

Glucase 

Strains Containing 

Medium, 

Medium, 

Galactose, 

Per Cent 8 

Per Cent 8 

Per Cent * 


Amide N 
ilumin N 


Dibasic N 
Arginine 
Histidine 



Amide N 
Humin N 


Dibasic N 
Arginine 
Histidine 


Mono- and 
nonamino 
N 63.18 

Amino N 69.36 

Nonamino 
N 3.83 

Total N ac¬ 
counted for 100.08 


S For additional data on yeast protein see R. Block and D. Bolling. 1943. Arch. Eiochem,, 3:217. 
II To make tliis total, NH* » 8.0%, purine and pyrimidine bases - 12%, choline -* 0.60%, 
glyoosamine 0.60%. 

* H. C. Eckstein and M. H. Soule. 1931. J. Biol. Chem., 91:395. 

• R. W. Linton, B. N. Mitra, and D. L. Shrivastava. 1934. Indian J. Med. Res., 91:635. 
w R. E. Hoffstadt and W. M. Clark. 193& J. Infectious Diseases, 61:70. 

0. N. Fellowes and J. I. Routh. 1944. /. Lab. Clin. Med., 19:1054. 

^ C. Enders and K. W. Gergs. 1939. Biochem. Z., 909:10. »• i o »» 

“ W. H. Stahl, R. B. PenneU, and I. F. Huddleson. 1939. Mteh. State CeUsgs Tech. Bull. 168. 
J. Meisenhrimer. 1919,1921. Z. pkv«W. Cksw., 104:229, 114 ri205. .— .no . ^ 

Harrow and C. P. Sherwin. 1937. A Textbook of Btochemxstry. W. B. Saunden Co, 
Philadelphia, Pa. 
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special apparatus devised by Van Slyke. By subtracting the 
value obtained from the total nitrogen of the fraction, (a-d), 
the nonamino nitrogen of the fraction is obtained. This 
nitrogen comes only from arginine and histidine. From the 
nonamino value (a-d) three-fourths of the value obtained for 
arginine (6) is subtracted. This result is the nonamino nitro¬ 
gen of the histidine (e). When this value (e) is multiplied 
by two-thirds, it gives the histidine nitrogen (/). The lysine 
nitrogen is equal to a figure obtained by making the fol¬ 
lowing subtractions: Total nitrogen minus arginine nitrogen 
minus cystine nitrogen minus histidine nitrogen (a-5-c-/). 

V. Monoamino nitrogen and nonamino nitrogen. A Kjeldahl determi¬ 
nation gives the total nitrogen present in this fraction. Call it g. 

h. The amino nitrogen of fraction V is determined by the Van 
Slyke apparatus. By subtracting this value from the total 
nitrogen of the fraction, (^~A), the nonamino nitrogen of the 
portion is obtained. 

The analyses of proteins made by Van Slyke^s method have given 
much valuable information on the constitution of protein materials. 
Bacterial proteins have been studied by this technique, and several 
examples are given in Table 8, which also includes the figures obtained 
for some different proteins. Several other reports have appeared on the 
isolation of amino acids from bacteria [Hetler (1927), Burris (1942)], 
yeasts, and molds, but the figures in the table are typical results. 
The early work by Vaughan, Vaughan, and Vaughan (1913) and others 
[Wheeler (1909), Omeliansky and Sieber (1913), and Tamura (1913- 
1914)] on the amino acid content of bacteria is open to criticism, since 
the material fractionated by means of the Kossel and Kutscher pro¬ 
cedure was an incomplete hydrolysis mixture of bacterial proteins. 

PROTEIN SYNTHESIS BY MICROORGANISMS 

It is well known that many bacteria can synthesize their cellular pro¬ 
teins from the simplest of starting materials. As we have pointed out, 
simple amino acids may be combined to form peptides and eventually 
proteins, but often certain bacteria can carry out all their life processes 
in a substrate which contains nitrogen in a form simpler than amino 
acid nitrogen. Just how the various components of a simple medium 
are linked together to form proteins is not very well understood at 
this time, although several theories have been advanced. Knoop and 
Oesterlin (1925,1927) suggested that the various amino acids might be 
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synthesized from sugars and ammonia in the following steps: 

OH 

1. R'COCOOH + NH.-, = R-C^OOH 

\ 

NH 2 

Koto acid Hydroxyamino acid 

The hydroxyamino acid then loses water to form an imino acid, thus: 
OH 

/ 

II. R • C—COOH = R • C • COOH + H 2 O 

^NH2 NH 

Hydroxyamino acid Imino acid 

By reduction the imino acid becomes an amino acid, thus: 


III. RCCOOH + 2H =RCHCOOH 


NH NH 2 

Imino acid Amino acid 

The third (III) step is half of a coupled oxidation-reduction reaction, 
the other half probably being the dehydrogenation of an intermediate 
product of sugar breakdown, such as the formation of pyruvic acid 
from glyceraldehyde phosphate or from m‘ethylglyoxal hydrate. If R 
in the above reactions is a methyl group, then the scheme represents the 
formation of the amino acid, alanine, from pyruvic acid. 

Another example which may be cited is the bacterial synthesis of 
aspartic acid from fumaric acid and ammonia: 


COOH 

1 

COOH 

1 

CH 

j 

HCNHz 

II + NHa 

= 1 

CH 

CHa 

I 

COOH 

1 

COOH 

Fumario aoid 

Aspartic acid 


Once the amino acids have been formed, they can be united, probably 
as peptides, thus: 

R R 

RCHCOOH + H 2 NiH = RCHCONHCH + HaO 
Ana COOH NHa ioOH 

and the process continued until the various cellular proteins are formed 
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THE CARBOHYDRATES IN MICROORGANISMS 

The carbohydrate content of bacteria and related organisms is sub¬ 
ject to considerable variation because of several factors, such as the age 
of the cells and the amount and the nature of the available nutrient 
material. Analyses have shown that the carbohydrate content of 
bacteria varies from 12 to 28 per cent, of yeasts from 25 to 60 per cent, 
and of molds from 8 to 40 per cent. Even though microorganisms vary 
in their carbohydrate synthesizing powers, polysaccharides of different 
degrees of complexity can be found in nearly all bacteria and related 
organisms. The polysaccharides may be synthesized by the cells from 
simple alcohols, pentoses, hexoses, glycuronic acids, or mixtures of these 
units. Often these units or related compounds are found in combina¬ 
tion with other unrelated substances. For instance, pentoses and other 
sugars have been found in the nucleoproteins of many microorganisms. 
Simpler sugars and hexahydric alcohols also occur in certain organisms. 

Let us now briefly discuss several carbohydrates which have been 
isolated from microorganisms. 

CELLULOSE AND PENTOSANS 

The cellulose which is synthesized by bacteria is apparently identical 
with that obtained from other sources, but, since the exact constitution 
of cellulose is in doubt, this statement lacks proof. By hydrolytic 
cleavage cellulose yields glucose exclusively, and on acetolysis it gives 
a yield of 50 per cent of cellobiose octaacetate (4-i(3-glucosidglucose). 
This fact has led several workers to believe that cellulose is built up of 
glucose units in cellobiosidic linkage, that is, /5-glucose residues joined 
between position 4 of one residue and the reducing group of the next. 

Haworth and his associates (1931, 1932) have concluded from their 
early work that the cellulose molecule has a molecular weight of about 
20,000 to 40,000 and consists of a uniform chain of 100 to 200 j9-glucose 
residues. Many workers today believe that the cellulose molecule is 
somewhat larger; in fact, several investigators have figured that its 
molecular weight may be as high as 570,000 (corresponding to 3,600 
glucose units). 

Cellulose is insoluble in water, organic solvents, dilute acids, and 
alkalies but is soluble in ammoniacal copper hydroxide (Schweitzer^s 
reagent), hydrochloric acid-zinc chloride solution (Cross and Bevan’s 
reagent), and several other solvents. On treatment with concentrated 
sulfuric acid and iodine or with chloriodide of zinc, it gives characteristic 
blue color on standing, the so-called '^cellulose reaction” employed by 
biologists. 
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Many workers have claimed that the cell membrane of microorgan¬ 
isms contains cellulose, but there is not too much proof in favor of this 
belief except for some of the acetic acid bacteria, especially Acetobacter 
xylinum. While studying Acetobacter aceti, Brown (1886,1887) observed 
a new bacterium to which he assigned the name Bacterium xylinum 
(Acetobacter xtjlinum). When cultured in a suitable nutrient medium 
containing dextrose, levulose, or mannitol, the new organism produced 
a very thick membrane on the surface of the medixun. This membrane 
consisted of 35 to 62 per cent cellulose and was readily soluble in 
ammoniacal copper hydroxide. Upon hydrolysis with strong sulfuric 
acid the material gave a dextrorotatory sugar in a manner similar to 
ordinary cellulose. Sucrose, starch, and ethyl alcohol did not support 
the formation of the cellulose-like substance. A few years later Beije- 
rinck (1898) found that acetic acid bacteria (Acetobacter pasteurianum 
and Acetobacter rancens) other than Acetobacter xylinum produced slimes 
capable of giving a positive cellulose reaction. He believed these com¬ 
pounds were closely related structurally to the cell walls of the seeds 
of most leguminous plants and the ascus-bearing cell of the lichens. Van 
Wisselingh (1898) employed a special type of cellulose reaction in his 
study on 100 different fungi including Bacillus mesentericuSy Bacillus 
megatheriumy yeasts, and molds. He concluded that cellulose was not 
commonly found in bacteria other than A. xylinum. The X-ray dia¬ 
gram of the cellulose membrane formed by A, xylinum was found to 
be similar to iS-cellulose by Eggert and Luft (1930), and quite similar 
results were reported by Sisson (1936). 

Tarr and Hibbert (1931) made an extensive study of bacterial cellu¬ 
lose, using A, xylinum as their test organism. The optimum nutrient 
medium necessary for the production of the carbohydrate was deter¬ 
mined. Along with other nutrients a small amount of ethjd alcohol 
was found to be necessary for optimum growth. Hexases, their anhy¬ 
drides, or compounds which can be converted into hexoses by bacterial 
action gave rise to the cellulose-like polysaccharide. No membrane 
was formed from such carbon sources as arabinose, xylose, or erythritol, 
but mannitol and glycerol, which can be oxidized to levulose, yield to 
the production of the complex carbohydrate. When glucose and glyc¬ 
erol were methylated, the polysaccharide formation xvas inhibited, 
Levulose served as the best sugar for cellulose synthesis by this bac¬ 
terium. Hibbert and Barsha (1931) and Barsha and Hibbert (1934) 
studied the structure of the cellulose S 3 aithesized by A. xylinum and 
found it to differ little, if any, from cellulose from other sources. 

The presence of pentosans, (C5H804)x, in microorganisms has not 
received a great deal of attention from the bacteriologist in the past. 
The pentosans are hydrolyzed to pentoses by dilute mineral acids but 
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not by alkali. The pentoses are readily distinguished from other mono¬ 
saccharides because of their conversion to furfural on boiling with con¬ 
centrated hydrochloric acid. The amount of furfural formed may be 
calculated quantitatively by coupling with phloroglucinol and weighing 
the insoluble product. In this way the amount of pentose may be de¬ 
termined. 

HO-CH-^HC 

H-CH C.:^![OHi- CHO 

N-giz=!:_J 

Pentose 

A very useful qualitative test which may be used to test for the 
presence of pentose in a hydrolyzed bacterial mass is the reagent in¬ 
troduced by Tollens—a solution of orcinol in 18 per cent hydrochloric 
acid—which gives a deep purple color on boiling with pentoses. In the 
presence of a small amount of ferric chloride a green color is obtained. 

Tamura (1914) was unable to find cellulose in Corynehacterium 
diphtheridej Myccbacterium tuberculosis, and Mycobacterium lacticola 
but isolated a substance possibly of the class of hemicelluloses or pen¬ 
tosans. After separation of the fatty substance from the bacilli and 
as complete a removal as possible of proteins by alkali, a substance re¬ 
mained which was insoluble in Schweitzer^s cellulose reagent and failed 
to give the iodine reaction of chitin, but was easily hydrolyzed by 3 
per cent sulfuric acid. The hydrolysate readily reduced Fehling's solu¬ 
tion, and gave the orcinol hydrochloride test for pentoses. An osazone 
was prepared which gave figures corresponding to the pentose, arabi- 
nose. The substance thus appeared to be a pentosan. Laidlaw and 
Dudley (1926) and Heidelberger and Menzel (1932) demonstrated 
in the tubercle bacillus polysaccharides which appear to be pentosans, 
since upon hydrolysis they yield pentose sugars. 

Several molds, including Aspergillus niger and Penicillium camem- 
bertii, contain pentosans, according to Dox and Neidig (1911). Hilpert, 
Becker, and Ross^e (1937) believe that most of the cellulose-like ma¬ 
terial in lichens, molds, and algae is in the form of hemicellulose, since 
it goes into solution on boiling with alkali or sodium sulfite. 

HEXOSANS AND MISCELLANEOUS POLYSACCHARIDES 

The (^thesis of hexosans and other polysaccharides by bacteria has 
been established and studied rather extensively. Probably Pasteur 
(1861) was the first person to show that the slimy fermentation of 
carbohydrates was bacterial in origin. Since that time extensive 
studies have been carried out by many investigators, especially of the 
gummy material produced during sugar processing in the sugar in- 
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dustry, the slime produced in beer, the slime produced in pulp and paper 
mills, and the ropy fermentation in milk. 

Dextran or Glucosan. The mucilaginous fermentation sometimes 
occurring during the processing of cane and beet sugar is caused by 
certain microorganisms, especially Leuconostoc mesenteraides, acting 
upon the sucrose. The ‘‘gum^' produced by this organism was consid¬ 
ered to be cellulose by Durin (1876), but Scheibler previously had estab¬ 
lished its nature as closely related to that of starch and dextrin and had 
given it the name dextran. More recently the structure of dextran 
synthesized from sucrose by L. mesenteroides has been determined by 
Hassid and Barker (1940), and the antigenic properties of dextran from 
the same species were studied by Evans, Hawkins, and Hibbert (1941). 
Stacey and Youd (1938) found that Leuconostoc dextranicum produces 
a pure dextran. After separation and purification the dextran gave 
a specific rotation of [aJo 180° in water, an ash of 0.4 per cent, and a 
yield of 0.25 per cent nitrogen. Several other organisms produce dex- 
tran-like gums, but they are not as important as the organisms just 
mentioned. 

Using a bacterium which had been previously isolated by C. B. 
Lipman from an old mud brick, Hassid and Chandler (1937) made a 
study of its polysaccharide-synthesizing property. When cultivated 
in a medium containing mannitol, the organism produced a nitrogen- 
free polysaccharide with a specific rotation, [a]D, of +140°, and on 
hydrolysis it yielded only glucose. The substance was shown to con¬ 
sist of nine or ten anhydroglucose units and to have a molecular weight 
of 2,765 to 2,980. A few strains of Streptococcus salivarius and Strep¬ 
tococcus bovis are also able to synthesize from sucrose and raffinose an 
insoluble carbohydrate which seems to be a dextran [Niven, Smiley, 
and Sherman (1941)]. 

Fructosan or Levulan. A great many studies have been made on 
the synthesis of fructosans by bacteria. Of the early studies the most 
extensive were by Smith and his associates (1903-1905). They isolated 
an organism. Bacillus laviniformanSj which had the power of synthe¬ 
sizing a levulan from sucrose but was unable to produce the substance 
from glucose, fructose, lactose, or maltose. Upon hydrolysis it yielded 
only fructose with a specific rotation of [ajo 40°. Since the organism 
showed a marked power to invert sucrose, but other carbohydrates 
were not attacked, they assumed that levan could be formed only from 
the so-called nascent fructose and glucose produced by the inversion 
of sucrose. Owen (1911, 1918, 1923) observed that commercial sugar 
deterioration is caused by molds, yeast, and bacteria. Such species as 
BaciUus wlgcduSy Bacillus liodermos, Bacillus megatherium, and Bacillus 
suhtilis possessed the greatest polysaccharide-synthesizing powers, ac- 
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cording to Owen. Furthermore, he believed that the levan was formed 
directly from the sucrose molecule by the extracellular enzyme levanase, 
thus disagreeing with other investigators who believe that the sucrose 
must first be inverted into nascent fructose and glucose before the 
polysaccharide can be formed. Kopeloff and Kopeloff (1919, 1920) 
and Kopeloff, Welcome, and Kopeloff (1920) believed that molds were 
the most common single group of organisms present in raw sugars. 
They found that spores of Aspergillus sydowi contain an enz 5 iTOe which 
is capable of forming levan in sucrose solutions of varying concen¬ 
trations. The pure gum which was formed melted at 200®C., had a 
specific rotation of —40®, and upon hydrolysis yielded only levulose. 
They concluded that the levan was formed from the nascent levulose 
and dextrose resulting from the inversion of the sucrose, and that the 
levulose was more important than the dextrose in levan formation. 

More recently Harrison, Tarr, and Hibbert (1930) in an excellent 
study observed that Bacillus mesentericusy Bacillus suhtiliSj and an 
enzyme preparation from B. mesentericus were able to synthesize a 
levan type polysaccharide from simpler carbohydrates. When B. 
mesentericus was cultured in sucrose broth for 10 days at 37.5®C. and 
the polysaccharide purified^ by successive precipitations from 95 per 
cent ethyl alcohol followed by electrodialysis, a quantity of levan 
sufficient for chemical analysis was obtained. The yield of polysac¬ 
charide was about 51 g. per liter of original culture solution. Harrison, 
Tarr, and Hibbert gave the substance the empirical formula of 
(CeHioOs)*. Hydrolysis gave 97 per cent of the theoretical yield of 
syrupy fructose, thus proving that levan is made up entirely of fructose 
units. The anhydrous material could be easily acetylated or meth¬ 
ylated. It was insoluble in most organic liquids, but dissolved readily 
in glycerol or ethylene glycol. Fehling’s solution was not reduced. 
It was a levorotatory polysaccharide with a specific rotation of —43.5°. 
The chemical investigation of this material show^ed it to be a polymer of 
2 :6-anhydrofructofuranose [Hibbert,Tipson, and Brauns (1931)]. 



The formation of levan took place in sucrose and raffinose solutions 
but not in melezitose, lactose, maltose, glucose, fructose, or xylose media. 
Sucrose, raffinose, and melezitose all contain the fructofuranose residue 
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in their molecule and, since melezitose was not polymerized to levan, 
these results appeared somewhat puzzling to the investigators. They 
were explained by the fact that both sucrose and raffinose have a termi¬ 
nal fructofuranose group, whereas in melezitose there is a central an- 
hydrofructose molecule attached at each end to a glucose molecule. 
The following formulas below will clearly illustrate this point. 

Sucrose: 
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Other sugars containing a terminal fructofuranose residue, such as 
gentianose, stachyose, and turanose, were not available for this study. 

Cooper and Preston (1935), Carruthers and Cooper (1936), and 
Cooper (1939) have stuched organisms representing several genera of 
bacteria and their ability to produce fructosan polysaccharides from 
various carbohydrates. Peptone was not essential for polysaccharide 
synthesis from sucrose, since asparagine, d-alanine, and Weucine 
usually served as a sole source of nitrogen for most of the organisms. 
Many strains of Streptococcus salivarius also synthesize large quantities 
of a soluble levan from sucrose and raffinose [Niven, Smiley, and Sher¬ 
man (1911)]. 

Calactans. There are numerous reports in the literature concerning 
the production of galactans, arabogalactans, and similar substances by 
bacteria when they are cultivated in a suitable medium containing car¬ 
bohydrate. Emmerling (1900) and Schardinger (1902) were among the 
first to observe that Aerobacter aerogenes produced a slime in milk and 
other carbohydrate-containing media. Schardinger assigned the sub¬ 
stance the formula (CeHioOs)^ and found that it dissolved in water 
giving a clear, gelatinous solution. It was optically inactive, nitrogen- 
free, and did not reduce Fehling^s solution. Hydrolysis with dilute 
acids produced a reducing sugar, and on oxidation with nitric acid 
both oxalic and mucic acids were formed. Thus the gummy substance 
was called an arabogalactan. In a series of papers Smith (1903, 1905) 
described Bacterium sacchari and Bacterium atherstond which were 
galactan-producing organisms. Several other bacteria were also iso¬ 
lated which produced gums of the arabin and parabin groups. Upon 
hydrolysis these groups yielded both galactose and arabinose, and by 
oxidation with nitric acid both mucic and oxalic acids were formed. 
Furfural was demonstrated by distillation with dilute hydrochloric acid, 
thus proving the presence of a pentose. Kramd^r (1922) classified the 
gum or capsular material formed by Klebsiella pneumoniae as a galac- 
tan. 

Miscellaneous Polysaccharides. Buchanan (1909) observed that 
Rhizdbium leguminosarum formed a mucilaginous material from fifteen 
different carbohydrates, as well as from glycerol and from salts of sev¬ 
eral organic adds. The material in each instance had the same general 
characteristics, contained no nitrogen, and on hydrolysis yielded re¬ 
ducing sugar. Cooper and Preston (1937) made a similar study of 
this organism and demonstrated that the gum contained glucuronic 
add as one of its components. 

Beijerinck and den Dooren de Jong (1923) noted that Bacillus poly- 
myxa produces laige amounts of slimy material. 'This slime," they 
stated, ^'is built up of sugars by one or more 83mthetically acting en- 



ANTIGENIC POLYSACCHARIDES 


389 


Z 3 niies that might be named ^cyteses’ and should be considered as the 
genes or factors of the cell-walls.” They called this substance a 
cellulan. 

Certain bacteria produce mixed polysaccharides when they are cul¬ 
tivated in suitable media. For example, the pneumococcus synthesizes 
a substance containing glucose and galactose; tubercle bacilli contain 
a polysaccharide made up of glucose, arabinose, and mannose; and 
Vibrio comma and cholera-like vibrios synthesize a polymer consisting 
of glucose, galactose, and arabinose. Beckwith (1931) and Sanborn 
(1933) have studied the cause of pulp slime in paper and pulp mills and 
have isolated several organisms thought to be the causative agents. 
The capsular material of Bacillus krzemieniewski is a polymannose of 
high molecular weight, according to Kleczkowski and Wierzchowski 
(1940). 

The polysaccharides synthesized by several molds have been ex¬ 
tensively studied by Haworth, Raistrick, and Stacey (1935), and the 
subject has been reviewed by Birkinshaw (1937) and Raistrick (1938). 
Only two examples will be mentioned here. When Penidllium charlesii 
was cultivated in a special medium, it produced two polysaccharides: 
mannocarolose, [a]© + 66°, consisting only of mannose residues, and 
mannogalactose, consisting only of galactose residues. The manno¬ 
carolose consisted of eight or nine units of d-mannose linked together 
through the 1:6 position. According to the investigators, this is a 
unique structure for a polymannose. Penidllium varians gave rise to a 
complex polysaccharide called varianose, [aJo + 15°. On acid hydroly¬ 
sis this substance yielded mixtures of d-glucose, d-galactose, and a 
third hexose which was identified as either J-altrose or cJ-idose. The 
three hexoses occurred in the ratio 6:1:1, respectively. For other 
interesting information the review by Raistrick (1938) should be con¬ 
sulted. 

ANTIGENIC POLYSACCHARIDES 

In recent years the literature on antigenic polysaccharides, the so- 
called soluble specific substances, which are responsible for the serologi¬ 
cal behavior of many microorganisms, has grown very large. No 
attempt will be made to cover the literature, since fine reviews are 
available by Mikulaszck (1935), White (1938), Kimmig (1940), Lin¬ 
ton (1940), and others. Also no attention will be given to the interest¬ 
ing studies by Goebel and others [see Goebel (1940)] on the s 3 mthesis of 
antigenic polysaccharides. 

In 1917 Dochez and Avery discovered in cell-free ^trates of broth 
cultures of pneumococcus, types I, II, and III, in human blood serum, 
in urine during the course of lobar pneiunonia and, at times, in the 
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blood of experimentally infected animals, a soluble substance which 
gave a specific precipitate with antipneumococcic serum of the homol¬ 
ogous type. The substance was readily soluble in water, was not de¬ 
stroyed by boiling, was not digested by trypsin or urease, did not 
dialyze through parchment, and was precipitable by acetone, alcohol, 
ether, and colloidal iron. The material was, of course, the now well- 
known soluble-specific substance which has so broadened our concep¬ 
tion of pneumococcal immunity and the antigenic structure of bacteria 
and related bodies. After this report a great many investigations were 
undertaken, using the pneumococcus as a test organism. As a result 
no microorganism, except perhaps the tubercle bacillus, has been sub¬ 
jected to such a thorough chemical investigation. The first definite and 
detailed description of the carbohydrate fraction, or soluble-specific 
substance of pneumococci, was presented by Heidelberger and Avery 
(1923). Their material was obtained from an 8-day autolyzed broth cul¬ 
ture of pneumococcus, type II, by careful precipitation with alcohol. 
Because 1.2 per cent of nitrogen was found to be present in this prepara¬ 
tion, the authors did not make any claims for its purity. 

During the next few years there came from the laboratories of the 
Rockefeller Institute a series of papers under the authorship of Avery, 
Heidelberger, and their associates, Goebel, Neill, and Morgan, which 
contained descriptions of refinements in the methods of preparing these 
polysaccharides and of their physical, chemical, and immunological 
properties. The two summarizing articles by Heidelberger (1927), 
which give a comprehensive discussion of the chemical nature of the 
antigenic substance of pneumococcus, should be read by all persons 
interested in this subject. White (1938) has also fully reviewed the 
subject. 

To mention briefly the available data on the pneumococcus, we can 
say that marked differences have been found between the soluble sub¬ 
stances of the various types. Pneumococcus, type I, polysaccharide 
contains nitrogen, part of which is in the form of amino nitrogen. 
As it was first isolated, it was not antigenic, but by modified methods, 
in which treatment with alkali was purposely avoided, the soluble- 
specific substance was Isolated by Avery and Goebel (1933) in the form 
of an ash-free, acetyl polysaccharide possessing marked acidic prop¬ 
erties and the ability to incite antibodies in experimental animals. 
It was readily soluble in water and gave solutions of high viscosity, 
which showed a specific optical rotation of about +270®. The natu¬ 
rally acetylated type I polysaccharide was found to contain nitrogen, 
and it did not reduce Fehling^s solution until after hydrolysis with 
dilute mineral acids. As soon as reducing sugars appeared in the solu¬ 
tion, the serological specificity of the acetyl polysaccharide was de- 
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stroyed. Thus its behavior was identical with that of the deacetylated 
polysaccharide. The acetylated carbohydrate apparently contained 
uronic acid in its molecule. It was soluble in water and in 80 per cent 
acetic acid. Aqueous solutions were precipitated by phosphotungstic 
acid, silver nitrate, and neutral and basic lead acetate. Unlike the de¬ 
acetylated preparation, the acetyl polysaccharide was precipitated by 
tannic acid but not by uranyl nitrate. It gave negative reactions to 
the biuret, ninhydrin, sulfosalicylic, and picric acid tests. The analyses 
in Table 9, taken from the paper by Avery and Goebel, show the proper¬ 
ties of the polysaccharide of pneumococcus, type I. 

The results of the analysis correspond closely with the calculated com¬ 
position of the acetylated polysaccharide, and this substance is there¬ 
fore believed by some to approach in its chemical make-up that of the 
so-called soluble-specific substance as it probably exists in the pneumo¬ 
coccus cell. Avery and Goebel also found that both the acetyl polysac¬ 
charide and the deacetylated substance were precipitated by homolo¬ 
gous immune serum. On the other hand, when the serum was absorbed 
with the deacetylated polysaccharide, it still reacted with the acetyl 
polysaccharide in high dilutions. After absorption with the acetyl 
polysaccharide the scrum was completely exhausted of all precipitins 
for both forms of the carbohydrate. The deacetylated polysaccharide, 
therefore, selectively removed from the serum only the precipitins for 
itself, whereas the acetyl polysaccharide completely removed all the 
precipitating antibodies for both forms of the specific substance. 
Further evidence of the specific antigenicity of the acetyl polysac¬ 
charide, as compared to the incomplete antigenic action of its deacety¬ 
lated derivative, was furnished by Avery and GoebeFs experiments on 
the immunizing action of the two carbohydrates on mice. Three in¬ 
jections, each of 0.5 ml. of a 1 : 2,000,000 solution of the acetylated 
polysaccharide, protected all the mice tested 6 days later against 
10”"® ml. of a culture of pneumococcus, type I, of which 10”"^ ml. killed 
the control mice. A similar series of mice injected with the same 
amounts of the deacetylated substance, however, was not protected. 
According to some workers, the experimental evidence presented by 
Avery and Goebel goes a long way toward reconciling the conflicting 
differences in some of the various carbohydrate derivatives isolated 
by other workers from the pneumococcal cell and its products. How¬ 
ever, it should be pointed out that Felton and Prescott (1939) have defi¬ 
nitely shown that the presence or absence of acetyl groups in pneumo¬ 
coccus, type I, polysaccharide is of no significance for its antigenicity in 
white mice. 

Pneumococcus, type II, polysaccharide is a dextrorotatory carbohy¬ 
drate, contains little or no nitrogen, and is weakly acidic. As first pre- 
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Analyses op the Acetyl Polysacceubide op Pneumococcus, Type I 
[From Avery and Goebel (1933)] 
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Highest 
Dilution of 
Polysaccharide 
Reacting with 
Antipneumo- 
coccus Serum 

1 : 6,000,000 ♦ 

1 : 5,000,000 ♦ 

1 :5,000,000 ♦ 

1 : 5,000,000 § 

Reduc¬ 

ing 

Sugars 
after Hy¬ 
drolysis, 
percent 

32.0 

27.6 

Phos¬ 
phorus, 
per cent 

o o 

d d 


Acetyl, 

percent 

5.9 

6.9 

6.0 

o 

d 

Amino 

Nitro¬ 

gen, 

percent 

2.30 

2.21 

2.22 

2.50 

Total 
Nitro¬ 
gen, 
per cent 

4.89 

4.86 

4,85 

5.05 

Hydro¬ 

gen, 

per cent 

6.58 

■4-h 

Carbon, 
per cent 

42.55 


Ash, 
per cent 

o o o 

d d d 

o 

d 

Specific 

Rota¬ 

tion 


■f297 

Acid 

Equiv¬ 

alent 

576 

535 

Source 

Bacterial 

cells 

Bacterial 

cells 

Autolyzed 

broth 

cultures 

4— 

Freparar 

tion 

Number 

CO 

2A, 

deacet¬ 

ylated 


♦ Type I antipneiimococcus serum previously absorbed with Preparation 2A (deacetylated). 

t This sample of deacetylated polysaccharide was obtained by alkaline hydrolysis of Preparation 2. This material is identical with 
the carbohydrate formerly known as the soluble-specific substance of pneumococcus, type I. 

t An analysis carbon and hydrogen was made on a sample of deacetylated carbohydrate which had been reprecipitated five times 
at its isoelectric point. The material contained no ash and had a carbon content of 40.33 per cent and a hydrogen content of 6.23 per 
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pared it was nonantigenic; however, work by Schiemann and Casper 
(1927), Schiemann (1929), and others has demonstrated that it can be 
isolated in an antigenic form. The chemical and biological analyses 
of this polysaccharide will be found in Tables 10, 11, and 12. Type III 
soluble-specific substance is a nitrogen-free polysaccharide but is more 
strongly acidic than the type II substance and is levorotatory. 

Considerable progress in the elucidation of the structure of type III 
polysaccharide has been made by Goebel and associates [see Reeves 
and Goebel (1941)] at the Rockefeller Institute. They have shown that 
the polysaccharide is built up of units of an aldobionic acid, 4-/3-glu- 
curonosido-glucose or cellobiuronic acid. In the intact carbohydrate 
the cellobiuronic acid units are linked through the reducing group of 
the aldobionic acid to one of the hydroxyl groups of a similar unit. 

Heidelberger and Kendall’s (1931) study of the type IV specific 
polysaccharide has brought to light a carbohydrate of a new kind among 
those with specific properties. The study has also demonstrated the 
presence in pneumococcus of a serologically inactive polysaccharide 
closely related to chitin. Brownti (1935, 1939) has published results on 
preparations of the type-specific substances isolated from pneumococci, 
types I to XXXII. Some of her data are given in Tables 10 and 11. 
The polysaccharides produced by Azotohacter chroococcum and a clover 
strain of the genus Rhizobium are apparently closely related to the 
specific polysaccharides of pneumococcus, types I and II [Cooper, 
Daker, and Stacey (1938)]. 

Similar specific polysaccharides have been isolated from a great many 
other bacteria. A few representative results are given in Tables 12 
and 13. For details the references should be consulted. In passing we 
should mention the work of Ivdnovics and Bruckner (1937) on the cap¬ 
sular substance of Bacillus anthracis and Bacillus meserUericus, which is 
apparently identical. This nontoxic polysaccharide contains nitrogen 
and can be isolated from both capsulated and noncapsulated cells. It 
seems to be unlike the polysaccharides of the pneumococcus and other 
cells in that it possesses a peptide linkage, as: 



NH, 


On hydrolysis with acid this material loses its serological activity and 
yields glutamic acid. 
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TABLE 10 

Analytical Data and Serologic Activity of Preparationb op the Type- 
Specific Substances of the Pneumococcus 


[J>om Rachel Brown (1939)] 


Type 

Precip¬ 

itin 

Titer, 

millions 

Kjel- 
dahl N, 
per cent 

Amino 

N, 

percent 

P, 

per cent 

Acetyl, 
per cent 

Ash, 
per cent 

1«1d 

Rela¬ 

tive 

Vis¬ 

cosity 

I 

IBI 


1.97 


6.61 

9.93 

+253.2® 


I 

BRH 


2.10 


6.83 

9.19 

+255.6® 

■19 

Heidelberger I 

IHH 


2.0d= 

O.OOdb 

7.Id: 

0.0* 

+278® 




to 


to 

to 

to 

to 




5.22 



10.0 

3.42 

+294® 


II 

|HM| 

0.26 


0.06 

1.52 


+56.8® 

1.76 

Heidelberger II 

bhh 



O.OOdb 

0.4d= 


+53® 

1.04 



to 


i 

to 

to 

to 

to 



0.73 



3.8 

3.70 

+58® 

1.64 

III 

1 :4 

0.30 


0.00 

0.32 

14.03 

-36.4® 

mjsn 

III 

1 :4 

O.IX 


0.01 


13.78 

-36.8® 


III 

1 : 4 





14.73 

-34.8® 


Heidelberger HI 




O.OOdb 

O.Sdb 

0.2 * 

-30.7® 

1.09 



to 



to 

to 

to 

to 



0.43 



0.9 

6.5 

-37.3® 

3.14 

IV 

1 :4 

5.24 

0.31 

0.49 

15.51 

5.17 

+33.2® 

1.38 

Heidelberger IV 


4.7 

0.1 

<0.1 

5.6 

0.0 t 

+ 17.0® 




to 

to 


to 

to 

to 




5.9 

0.4 


5.9 

0.3 

+37.7® 


V 

1 :4 

5.01 

0.00 

0.25 

21.73 

3.16 

-44.8® 

1.06 

Via 

HI 

0.32 


4.24 

2.12 

14.12 


BH 

Via 

HI 

0.48 


4.03 





YJbt 

HI 

0.32 


3.99 

3.75 

K3ES 


1.16 

VII 

1 :4 

3.19 

0.37 

1.23 

11.06 

3.36 

+70.8® 

1.17 

VIII 

1 :4 

0.20 


0.09 

0.41 

7.52 

+ 124.4® 

2.44 

Brown VIII 




0.06 


0.73 

+ 126® 


Goebel VIII 


0 


0 


0 

+ 125® 


Heidelberger VIII 


0.2± 



0.05 d: 

3.1 * 

+ 123® 

2.50 

IX 

1 : 4 

3.15 




7.15 

+ 117.2® 

1.30 

IX 

1 :4 

3.26 

0.04 


9.22 

5.28 

+ 117.2® 

1.28 

X 

1 :4 

2.08 


2.93 

5.06 

10.90 

+22.4® 

1.12 

XI 

1 :4 

1.40 


2.99 

16.33 

9.93 

+ 102.0® 

1.27 

XI 

1 :4 

1.62 

■ 

2.34 

15.53 

8.30 

+ 101.6® 

1.29 


Notb. All figures ate ealculated on a dry basis. No allowance is made for ash. d= Calculated 
to the ash-free basis. 


* Ash as sodium, 
t Ash as calcium. 

i Originally classified as type XXVI. 











































ANTIGENIC POLYSACCHARIDES 


395 


TABLE 10 {Coifdinued) 

Analytical Data and Serologic Activity of Preparations op the Type- 
Specific Substances op the Pneumococcus 

[From Rachel Brown (1939)] 


Type 

Precip¬ 

itin 

Titer, 

millions 

Kjel- 
dahl N, 
per cent 

Amino 

N. 

per cent 

P, 

per cent 

Acetyl, 
per cent 

Ash, 
per cent 

[a]D 

Rela¬ 

tive 

Vis¬ 

cosity 

XII 

1 

:4 

4.69 

0.22 

0.58 

11.07 

4.26 

4-3.6® 

1.25 

XIII 

1 

: 4 

1.62 

■1 

3.07 

8.80 

10.50 

HSi 


XIII 

1 

; 4 

1.86 

Hi 

3.23 

8.23 

10.49 

Ba 


XIV 

1 

: 4 




6.99 

1.28 

4-6.8® 

1.12 

Goebel XIV 






6.6± 


-t-6.5® 





to 



to 

to 

to 





2.08 



7.7 

1.57 

-fl2.6® 


XV 

1 

:4 

2.46 


3.08 

9 80 

12.24 

+32.0® 

1.26 

XVI 

1 

:4 

3.16 

0.07 

2.81 

7.51 

9.96 

+ 18.4® 

1.29 

XVII 

1 

: 8 

0.09 


2 51 

4.28 

8.33 

+46.2® 

1.28 

XVIII 

1 

:8 

0.57 


3.07 

6 52 

9.92 

+76.0® 

1.71 

XIX 

■ 

B 

3.82 

0.16 

3 05 

7.75 

10.69 

+32.8® 

1.09 

XX s 

1 

:4 

1 56 


2.35 

10.29 

7.97 

+7.2® 

1.19 

XX 5 

1 

: 4 

1.50 


2.62 

12.01 


+4.8® 

1.19 

XXI 

1 

: 4 

1.20 


2.68 

7 08 

8.82 

+66.8® 

1.11 

XXII 

1 

: 4 

0.69 

mm 


5.08 

5.92 

+95.6® 

1.25 

XXII 

1 

:8 

0.42 


0.27 

4.42 

4.75 

+94.8® 

1.21 

xxin s 

1 

: 4 

0.27 

jHIII 

3.77 

1.44 

12.65 

-0.8® 

1,30 

XXIII § 

1 

: 4 

0.11 

jHH 

3.79 

0.87 

12.37 

-0.4® 

1.65 

XXIV 

1 

:4 

1.63 

H 

3.03 

4.79 

10.07 

-34.0® 

1.56 

XXV 

1 

:4 

4.72 

0.15 

0.87 

14.40 

5.52 

+ 128.0® 

1.09 

XXVII 

1 

B 



3.12 

7.02 

10.76 

+53.2® 

1.68 

XXVIII s 

i 

II 

1.76 


6.08 

3.87 

14.81 

+50.0® 

1.67 

XXVIII s 

1 

: 4 

1.59 


5.99 

4.21 

14.18 

+48.8® 

1.69 

XXIX i 

1 

:8 

1.53 


3.22 

5.15 

10.53 

-50.8® 

1.22 

XXX 

1 

1 

:4 

1.73 


3.06 

4.49 

10.00 

+50.4® 

1.25 

XXXI 

1 

:4 

0.90 


0.55 

7.70 

B 

-20.4® 

1.25 

XXXII 

1 

:4 

1.67 


6.38 

4.60 

16.16 

+32.0® 

1.45 


S Two different strains of the same type used as the souroe of the soluble-epecifio substanoes« 
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CARBOHYDRATE SYNTHESIS BY MICROORGANISMS 

Our knowledge concerning the synthesis of polysaccharides or even 
simple sugars by bacteria is very incomplete. Khxyver (1931) was of 
the opinion that the synthesis of carbohydrates involves certain coupled 
oxidation-reduction processes, as does the synthesis of fats and proteins. 
He has suggested that the processes may follow the general scheme for 
the res 3 aithesis of glycogen from lactic acid in the muscle during the 
recovery period. Since the reactions for the breakdown of glucose to 
lactic acid and alcohol are discussed in some detail in Chapter 10 , pp. 910 
to 927 on the mechanism of alcoholic fermentation, they will not be re¬ 
peated fully here. If the intermediate products and the role played 
by phosphate are disregarded, the over-all reaction leading from lactic 
acid to glucose may be written thus: 

3 CH 3 CHOH COOH 3 CO 2 + 3 H 2 O + CeHigOe 
and the over-all reaction from glucose to glycogen may be written: 

C6H12O6-^ (CeHioOs). 

QIucom (Maltose, isomaltoee, Qlycogen 

dextrine, etc.) 

Until just recently practically nothing has been known about the 
intermediate steps in this second reaction. Data are now accumulating 
[see papers by Cori (1940, 1942), Hanes (1940), Cori and Cori (1940, 
1943), and Meyerhof (1943)] on this subject, however, which give us 
further insight into this very interesting phase of the metabolism of 
carbohydrates in plants and animals. The biochemical setting of the 
enzymatic processes in their relation to glycogen synthesis by animal 
and yeast cells may be indicated in the scheme adopted from the paper 
by Cori (1940). A similar scheme for the plant enzymatic reversible 
conversion of starch and inorganic phosphate to glucose-l-phosphate 
will be found in the classical paper by Hanes (1940). 


Scheme for Glycogen Synthesis and Breakdown 
[From Cori (1940)] 


(a)4‘ Pbogphate 


Glycogen 



Glttoasea-phosphate 


(d) ^ _ 

Quooec ±rL:::::ry 01ucose-6-pho8phaie^=^£rcn2tose-^hciiBpl^^ 4 -^ Fructose 


11 


!(•) 

Gluconic aci<l-6- Fnictofte-l-d^phospliiite 
phosphate (io lactic add) 

(and further oxldathuiA) 
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TABLE 11 

Chemical Pboperties of Preparations of the Type-Specific Substances of 

THE Pneumococcus 

[From Rachel Brown (1939)] 


TVpeof 
Soluble- 
Specific 
Substance 
(1 Per Cent 
Solution) 

Carbohydrate Tests 

Reduction 

by 

FehUng*a 
Solution 
before 
Hydrolysis * 

Uronic 

Acid 

Anuno 
Sugar after 
Hydrolysis 

I 


+ 

+ 

II 

- 

Wcak + 

- 

III 

- 

+ 

- 

IV 

- 

- 

+ 

V 


- 

+ 

Via 

- 

- 

- 

VIbt 

- 

- 

- 

Vll 

- 

- 

4- 

VIII 

- 


- 

IX 

- 


4- 

X 

- 

- 

+ 

XI 

- 

- 

- 

XII 

- 


4- 

XIII 

- 

- 

4- 

XIV 

- 

- 

+ 

XV 

- 

- 

4* 

XVI ! 

— 

— 

Weak-H 

XVII 

- 

- 

- 

XVIII 

- 1 

- 

- 

XIX 

- 

- 

+ 

XX 

- 


Weak + 

XXI 

Weak-f 

- 

Weak 4- 

XXII 

- 


- 

xxni 

- 

- 

- 

XXIV 

- 

- 

4- 

XXV 

- 

+ 

4- 

XXVII 


Weak 4- 

4- 

xxvni 

- 

- 


XXIX 

- 

- 

-f 

XXX 

- 

- 

-k 

XXXI 

- 

- 

+ 

XXXII 

Week + 




lYecipitaots 













:§ 







S 




u 



1 




1 

S 



1 

no 

'■S. 

1 

1 

1 

S 

1 

1 

1 

£ 

2 

o 

s 

1 

1 

2 

! 

£ 

1 

1 

1 

1 

o 

1 

< 

S 

1 

1 

If 

s 

1 

P 

+ 



+ 

4- 


+ 

-f 

4- 

4- 

+ 

- 

- 


- 

- 

- 

- 

-k 

4- 

- 

- 

+ 

~ 

+ 

+ 

4- 


+ 

4- 

-f 

4- 

+ 

4- 


4* 

- 

- 

- 

- 

4- 



4- 

— 


-f 



_ 


+ 

+ 

+ 



_ 


+ 



"" 


4 




- 

- 

+ 

4* 

+ 


- 

4- 

4- 

4- 

+ 

+ 

+ 

- 

- 

4- 

+ 

- 

- 

- 

4- 

4- 

4- 

4- 

- 

i ~ 

- 

- 

+ 

- 

- 

- 

~ 

+ 

- 

- 



-f 

4- 

_ 



i “ 

4- 




~ 


■f 

+ 



_ 


+ 

+ 

_ 


4- 

_ 

: 

+ 

: 

~ 



4- 

+ 

— 


+ 

- 

- 

+ 

- 

- 

- 

- 

+ 

- 

- 

- 


_ 

+ 1 


““ 



+ 

4- 




“■ 

_ 

4- 

_ 

— 

_ 

_ 

4- 

4- 





- 

4- 

- 


- 

- 

4- 


~ 

- 

- 

- 

+ 

- 

- 

- 

- 

4- ! 

- 

- 

4- 


- 


- 

- 


- 

+ 


- 

- 

- 

- 

- 

- 

- 


- i 

+ 

- 

- 

- 

- 

- 

4- 

- 

- 

- 

- 

- 

- 


- 

- 

- 

4* 

- 

- 

- 

- ‘ 

- 

- 

- 

- 



4- 





4- 





Note. + ■■ positive rettction or precipitation; — ■» no reaction or no precipitation* The biuret, ninhydrin, 
and iodine tests were negative. Picric and trichloroacetic acids gave no precipitation. 

* All tests positive after hydrolysis, 
t Originally elasstfied as type XKVL 
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MAvhercvlosiir +49 15,000 1.8 2.0 + Menzel and Heidel- 

fcows (Two +62 800 0.7 3.8 - berger (1939) 

fractions) 
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Iv^ovics and 
Bruckner (1937) 

Mesrobeanu (1936) 

Tomcsik and 
Kurotchkin (1928) 

Heidelberger, Goebel, 
and Avery (1925) 

Avery, Heidelberger, 
and Goebel (1925) 
Goebel and Avery 
(1927) 

+ -f 

+ + 

+ 

+ + + + + 



Type 

Type 

Tj-pe 

Type 

Type 

Type 


Complete 

Complete 

Partial 

Partial 

Partial 

Partial 

Partial 

Partial 


40.8 

38.0 

66.0 1 

64.0 

65.0 

73.0 

75.0 

73.1 


1.0 

2.51 



9.24 

9.17 

to 

10.14 * 

1.7 

3.09 

a 

d 

0*0 

9*0 

0*0 

0*0 

ro 


7.4 

7.25 


O 1-J 

d d 


44.0 

44.6 


43.9 

44.6 

s 

(N ^ CO 

o 

00 CO 

00 


o o o o o 
do d d d 

160.2 

162.8 

to 

170.5 



430 

430 

670 

610 

680 

no O t* 

S 2 SS 

+ + + 



o ® 

§ o S d S 

II + + + 

BactUus 
arUhraeis 
Bacillus mes-- 
erUericus 

PhyUmumas 
tumefaciens 
Escherichia coli 

11 
1 8 

Klebsiella pneu¬ 
moniae 
Type A 

Type A, 
purified 
Type B 
TypeC 
TypeC, 
purified 


Also 0.18 to 0.2% amino nitrogen. 
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Reference 

Furth and Land- 
steiner (1928,1929) 

Mesrobeanu (1936) 

Precip¬ 

itin 

Test 

+ + 

+ + + + 

! T3T)e of 

i 

Speci¬ 

ficity 



Antigen 

Partial 

Partial 

Complete 

Complete 

Complete 

Complete 

Re- 

ducing 

Sugars 

after 

Hydrol- 

ysis, 

percent 

63.6 

to 

69.5 

3.94 

to 

67.3 

45.8 

58.8 

53.6 

39.8 

Phos¬ 

pho¬ 

rus, 

per 

cent 

2.06 

1.45 

1.35 

1,94 

2.40 

Nitro¬ 

gen, 

per cent 

4.05 

1.86 

2.47 

3.39 

2.90 

2.04 

Hy- 

dro- 

gen, 

per 

cent 

CO 


Car- 

bon, 

per 

cent 

43.8 

45.0 

45.5 

43.8 

46.7 

Ash, 

per 

cent 

0*0 

0*0 

10.69 

'O > -M 



Q 

+103 

+94 


Organism 

h |1 

1 * 
nq § ^ 
































S^typkimwnurn 10.74 38.01 6.84 3.64 1.87 8.90 Complete Species + Raistrick and Topley 

(Rangeof to to to to to to (1934) 

fivefrac- 16.32 43.64 6.46 14.06 3.52 37.80 
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t Precipitates to a high dilution with E. typhosa 0-antiserum, but not with Vi-antii 
t Amino nitrogen. 
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Type I +300 43.3 § 5.8 5.0 || 28.0 Partial Type + Heidelberger, Goebel, 

Type II +74 1,250 45.8 6.4 0.0 70.0 Partial Type + and Avery (1925) 

Type in -33 340 42.7 5.3 0.0 75.0 Partial Type + 
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Wadsworth and 
Brown (1933) 

Miller and Boor 
(1934) 

Scherp and Rake 
(1935) 

Tomcsik and 
Kurotchkin (1928) 
Mikulaszek (1935) 

+ + + 

+ 



Type 

Type 

Type 

Group 

Group 

Type 

Type 

Species 

1 

1 

cS 

Partial 

Partial 

Partial 

Partial 

Partial 

i 



i 

! 46.6 
45.2 

o 

CO 

GO 

0.39 

1.72 

2.06 


16*8 


4.37 ir 

2.03 

3.41 

4.2 

3.7 

4.9 

4.36 

(N 

d 



o 

CO 




30.37 


0.43 

0.62 

1.76 


10.2 

9.59 







Inactive 

00 00 

+ + 


D. pneumoniae 
Type I 

Type II 

Type III 

itii 

N. intraceUu- 
laris 

Type I 

Type II, 
purified 

Yeast 


a 

n 
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1 

( 

. i ! ! i!ii 

III 1 ! ] 

i Ilf II 

TOSooiCio JOJ atnpoi 

+ TT T^~T 1 1 

JOJ ^sex 8 joavAiiag 

1 till 

fl89(naftjaoj^»xiotno 
-n{8ojO{qx I^opJO 

1 1 1 1 1 1 

piay aniojnan]r) joj 
)nX pmajofiajoq'^qdRjj 

1 ++ III 

^B9X qaaiiopi 

++ + + + ++ 

»80X 

II + + +++1 11 

^»X 

1 + + +1 1 

ppy aua^[ 

II 1 1 1 1 1 

ppy oi^oovojoiqoux 

1 1 1 1 1 1 1 

pray oiaojpisi/Con^g 

1 1 1 1 1 1 1 

ojtt^eay aminu/^ 

1 +11 + 1 

|itoWQ 

1 +1 ++ 1 + 

pray ai) 88 uii!pnid 80 i{x 

11+ +1+11 ++1 

e)8)9oy ounojdjy 

t 

II +1 1 + 1 1 

a^Rjpig jaddoQ 

JO 

o^Bjing cannnnniy 

111 1 1 + 1 1 + 1 1 

oji^wv pwi 

1++ +++11 + 1 + 

! 

l'll-!i. Jii!! 
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Enzymes (where no letters are given, enzymes have not been named): 

a. Phosphorylase. 

b. Phosphoglucomutase. 

c. Isomerase. 

d. Phosphatase. 

e. Glucose-6-phosphate dehydrogenase (Zwischenferment of War¬ 
burg). 

Adopting this picture, which is known to be incomplete, and antici¬ 
pating the rigid proof that glycogen formation in animal tissues and 
starch formation in the plastid of the plant cell is due to the phosphoryl¬ 
ase mechanism, we can see that glucose-l-phosphate occupies a posi¬ 
tion of central metabolic importance. Not only is this ester the direct 
precursor of starch and glycogen, but it also forms the initial reactant 
in the sequence of interconversions leading to the formation of fructose 
diphosphate. According to a view for which evidence is accumulating, 
these reactions in the formation of fructose diphosphate represent the 
preliminary steps in the catabolism of hexose in the animal and plant 
cell. Here the reversible formation of glycogen and starch from glu- 
cose-l-phosphate may be regarded as a side reaction, incidental to the 
essential processes of carbohydrate breakdown associated with cellular 
respiration. 

It must be assumed that there exists in the cell a mechanism by 
which the primary synthesis of glucose-l-phosphate is effected from 
hexose (or some simpler compound), together with inorganic phosphate. 
In this respect the generation of glucose-l-phosphate by the phosphor- 
olysis of starch or glycogen under the action of phosphorylase is to be 
regarded as a secondary mechanism by which the ester can be reformed 
readily. Starch and glycogen might be said to constitute an accessible 
supply of hexose phosphate, a conception which clarifies the traditional 
statement that both these substances form a reserve of readily available 
carbohydrate for the plant and the animal. 

Although actual proof is lacking that bacterial cells S 3 mthesize carbo¬ 
hydrates in a manner analogous to the scheme just discussed, it is quite 
possible that future studies will reveal a mechanism closely related to 
that operative in yeast, higher plant, and animal cells. In fact, Stacey 
(1942) has already isolated an enzyme from Leuconostoc mesenteroides 
growing in association with yeast which is capable of synthesizing a 
polyglucose having 1 : 6 linkages from sucrose (glucose-l-fructofurar 
nose). Likewise, Kagan, Lyatker, and Tsvasman (1942) have pre¬ 
sented evidence for the binding of inorganic phosphate in the presence 
of sucrose, with the production of glucose-l-phosphate, by cell suspen- 
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sions of L. mesenteroides. More recently Doudoroff, Kaplan, and 
Hassid (1943) have demonstrated the phosphorolysis and synthesis of 
sucrose by enzymatic preparations from Pseudomonas saccharophila. 
This process and the competing hydrolytic reaction may be represented 
by the following scheme: 

Phosphorolysis 

Sucrose + H 3 PO 4 ^ Glucose-l-phosphate + Fructose 

+ 

H 2 O 

i 

Glucose + Fructose 

The demonstration of such an enzymatic phosphorolysis in bacteria 
helps to explain not only the mechanism of sucrose synthesis but also 
the so-called direct utilization of disaccharides by various microorgan¬ 
isms, which has been claimed by various investigators. Thus it would 
appear that these findings with bacteria are of significance in compari¬ 
son with Haneses and Cories discovery of the starch-synthesizing and 
glycogen-synthesizing enzymes which utilize glucose-l-phosphate. 

THE LIPIDES OF MICROORGANISMS 

The substances to be considered under this heading are usually called 
fats, oils, lipoids, lipides, or lipins. Unfortunately there is little uni¬ 
formity in the definition and usage of these terms. The term lipide 
will be used here as an inclusive term for the fats and fat-like substances, 
as well as their breakdown products, such as fatty acids and glycerol. 
These cellular constituents can usually be extracted by the so-called 
fat solvents: ether, alcohol, acetone, or chloroform. 

The presence of lipides in the cells of microorganisms may be demon¬ 
strated by several simple techniques. For example, fat droplets are 
stained brown or black by osmic acid, deep blue-black by Sudan Black 
B, red by Sudan III, blue by a slightly alkaline solution of a- or )3-naph- 
thol and dimethyl-p-phenylenediamine, and yellow by dimethyl amido- 
azobenzene. When further information is desired, it is usually neces- 
saiy to employ direct chemical methods, because these tests are very 
crude at their best and do not differentiate between the various groups 
of lipides. 

The total lipide content of microorganisms is usually determined by 
extracting a dry, pulverized mass of cells of known weight with ether, 
or ether plus other fat solvents. The results obtained may be in¬ 
fluenced by several factors, such as the composition of the culture 
medium upon which the organisms are grown, the gaseous environment 
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TABLE 14 

Lipide Content of Various Micboobganisms 


Organism or Body 

Dry 

Weight,* 
per cent 

Myccba^leriurn tuberculosia—hominis 

22.7 

M. tuberculosis—hovis 

22.3 

Mycobacterium avium 

11.0 

Mycobacterium leprae 

9.7 

Mycobacterium smegmatia 

35.6 

Mycobacterium phlei 

20.2 

M, tuberculosis (28 strains) 

3.3-14.1 

M, tuberculosis (BCG) 

25.4 

Malleomyces mallei 

39.29 

Corynebacterium diphtherias 

4-9 

Acetobacter aceti 

1.56 

Bacillus subtilis 

4.4 

Baeillus mycoides 

0.4 

B. mycoides^ spores 

0.2 

Phyiomonas tumefaciens 

7.0-8.1 

Escherichia coli (alanine medium) 

7.8 

E. coli (cystine medium) 

3.6 ! 

E. coli (range of four strains) 

4.45-7.91 

Escherichia communior (range of three 

strains) 

4.66-6.88 

Shigella paradysenttnae (Flexner) 

5.36 

Salmonella typhimurium 

4.9 

Brucella abortus 

5.0-6.0 

Staphylococcus albus 

2.8 

Elementary bodies of vaccinia 

8.54 

Rous sarcoma No. 1 

35.0-48.0 

Blastomyces dermatiditis 

8.0-10.01 

Monilia albicans 

5.3 1 

Yeast 

5.0 

Yeast 

1.72 

Oospora lactis 

7.5-22.5 

Aspergillus glaucus 

4.69 

Penicillium glaucum 

4.13 

Mucor stolonifer 

7.03 

Penicillium javanicum 

22.2 

Penicillium roquefortii 

22.9 

Aspergillus flavus 

16.0 

Aspergillus sydowi 

6.0-5.2 

Aspergillus oryzae 

5.0-5.6 

Aspergillus niger 

2.6-2.8 

Aspergillus fischeri 

6.4-13.4 


Reference 


Long and Campbell (1922) 


Chargaff and Dieryck (1932) 
Chargaff and Levine (1938) 

De Schweinitz and Dorset (1895) 
ChargaH (1933) 

Alilaire (1906) 

Long and Campbell (1922) 

Virtanen and Pulkki (1933) 

Chargaff and Levine (1938) 

Eckstein and Soule (1931) 


Williams, Bloor, and Sandholzer 
(1939) 

Akasi (1939) 

Stahl (1941) 

Long and Campbell (1922) 
Hughes, Parker, and Rivers 
(1935) 

Pollard (1938) 

Peck and Hauser (1938, 1939, 
1940) 

von Nageli (1878) 

Frey (1930) 

Fink, Haehn, and Hoerburger 
(1937) 

Marschall (1897) 


Ward, Lockwood, May, and Her¬ 
rick (1935) 


Pruess, Eichinger, and Peterson 
(1934) 


• Figures correspond to material extractable by ether, petroleum ether, or alco¬ 
hol-ether mixtures. 
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during growth, and the treatment of the cells preparatory to their 
extraction. For example, Nageli as early as 1878 showed that the fat 
content of yeasts and molds could be increased from 5 to 12 per cent 
when they were grown in well-oxygenated media containing an abun¬ 
dance of carbohydrates but a scarcity of nitrogen. Similarly, Reindel, 
Niederlander, and Pfundt (1937) have shown that yeast sterols can be 
increased fivefold, depending upon the medium employed. The figures 
reported by several investigators are given in Tables 14 and 15, where 
it will be seen that different bacterial species show a wide variation in 
their lipide content. The data listed in these two tables are typical, 
but are in no way complete. They illustrate, however, the high lipide 
content of the acid-fast bacteria of the genus Mycobacterium and the 
relatively low lipide content of other microorganisms. For more com- 

TABLE 16 

Acetone- and Chloroform-Soluble Material in Microorganisms 
[From NicoUe and Alilaire (1909)] 


Organism 

Acetone Extract, 
per cent of dry 
weight 

Chloroform Extract, 
per cent of dry 
weight 

MaUeomyces maUei 

11.69 

8.69 

Corynebacterium diphtheriae 7.04 

6.23 

Bacillus anthracis 

6.31 

1.48 

Pseudomonas aeruginosa 

15.77 

10.67 

Serralia marcescens 

9.00 

6.60 

Escherichia coli 

15.26 

11.77 

Klebsiella pneumoniae 

16.45 

7.36 

Proteus vulgaris 

10.87 

7.10 

Shigella dysenteriae 

12.80 

10.67 

Vibrio comma 

8.70 

6.77 

Yeast 

4.22 

2.92 


plete information the review by Schwartz (1937) and the references 
listed in this brief discussion should be consulted. 


NEUTRAL FATS 


The neutral, or true, fats are esters formed by a combination of 
glycerol and fatty acids: 

H2COH HOCOR H2C—O—COR 

nioH + HOCOR = HO- 0 —COR + H2O 

H2COH HOCOR Hzi—O-COR 

Olyoerol Fatty adds Neutral fat 
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In such a neutral fat, if all three of the fatty acid radicals (R) are 
the same, as in the example shown, the fat is called a simple trigly* 
ceride; if two or three different fatty acids are present, it is called a 
mixed triglyceride. The simple triglycerides are named according to 
their fatty acids. For example, the triglyceride of stearic acid is tri¬ 
stearin or stearin; of palmitic acid, tripalmitin or palmitin, etc. The 
nomenclature of the mixed triglycerides depends upon the position of 
the fatty acids. For instance: 

a H 2 C—0—CO • (CH2)i6CH3 

^ HC—O—CO • (CH2)7CH=CH(CH2)7CH3 

ai H 2 C—O—CO(CH2)i6CH3 

is called /9-oleo-a-ai-distearin. 

As a general rule, the neutral fats and oils are similar in their physical 
properties to the fatty acids which are present in their molecule. This 
is particularly true when the fatty acids are of high molecular weight 
and thus make up a very large part of the fat or oil molecules. Stearic 
acid, for example, accounts for over 90 per cent of the molecular weight 
of tristearin and has a melting point of 69.3®C. The melting point of 
the corresponding neutral fat, tristearin, is 71® to 72®C. The melting 
points of mixed triglycerides vary to some extent with the position of 
the fatty radicals. Thus )3-palmito-a-ai-dimyristin melts at 59.8®- 
60®C., whereas a-palmito-ai-i3-dimyristin melts at 53®C. [Averill, 
Roche, and King (1929)]. Pure fats are practically never found in 
bacteria; instead they occur together as complex mixtures which are 
extremely difficult to separate and purify. Analyses, therefore, are 
restricted usually to the fatty acids present and the determination of 
the ratio of saturated to unsaturated fatty acids. 

The fats present in microorganisms have been studied by several in¬ 
vestigators. The constituent fatty acids, palmitic (C 16 H 12 O 2 ), stearic 
(C 18 H 36 O 2 ), and oleic (C 18 H 34 O 2 ) have been isolated from most organ¬ 
isms, and such fatty acids as butyric (C 4 H 8 O 2 ), caproic (C 6 H 12 O 2 ), 
lauric (C 12 H 24 O 2 ), linoleic (C 18 H 32 O 2 ), linolenic (C 18 H 30 O 2 ), dihydroxy- 
stearic (C 18 H 86 O 4 ), tuberculostearic (C 19 H 38 O 2 ), arachidic (C 2 oH 4 o 02 )i 
cerotic (C 26 H 62 O 2 ), phthioic (C 26 H 52 O 2 ), and myristic (C 30 H 60 O 2 ), 
have been found in the fats of bacteria. Goris and Liot (1920) found the 
acetone-extractable fraction of Psevdomoruis aeruginosa to contain the 
fatty acids, butyric, caproic, oleic, palmitic, stearic, and arachidic. The 
crude fat, extracted by alcohol and ether, from Laetob(uyillus acidophilus 
yields lauric, myristic, palmitic, stearic, and oleic acids, as well as an 
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appreciable amount of free dihydroxystearic acid [Crowder and Ander¬ 
son (1932)]. Dihydroxystearic acid, according to these investigators, 
is not commonly found free in nature. It is dextrorotatory but is very 
easily racemized. The highest observed rotation was +7.78, but, after 
the acid was boiled with dilute alkali, it became optically inactive. The 
acid was crystallized from ethyl acetate and melted at 106°~107°C. 
The fat present in Corynehacterium diphtheriae consists mainly of free 
fatty acids, according to Chargaff (1933). The solid-saturated fatty 
acid was palmitic exclusively and constituted about one-third of the 
total fatty substance. The main constituent of the liquid-unsat- 
urated fatty acids was a A^-hexadecenoic acid, CH 3 (CH 2 ) 5 CH== 
CH(CH 2 ) 7 C 00 H, since it could be catalytically hydrogenated to 
palmitic acid and gave on oxidation with KMn 04 azelaic and n-heptoic 
acids. One per cent of the fatty acids present consisted of an acid 
having the formula, C 14 H 26 O 2 . The higher unsaturated acids formed 
a complex mixture, but diphtheric acid was isolated from this complex. 
Chargaff assigned this acid the probable formula of C 35 He 802 . It 
melted at 35° to 36°C. and had a specific rotation, [aj^, of +2.6° in 
CHCI 3 . According to Cassagne (1939), the acetone-soluble portion of 
the diphtheria bacillus increases regularly with the age of the organisms. 
Dry bacilli from a 4-day culture yielded 4.82 per cent; from an 8 -day 
culture, 6.42 per cent; from a 14-day culture, 7.9 per cent acetone- 
soluble material. 

The lipides of Malleomyces mallei have been studied in some detail 
by Umezu (1940). This investigator found that acetone-soluble fat 
constitutes 6.1 to 7.6 per cent of the dried bacilli. It consists of soft, 
golden crystals which melt at 37°-38°C.; it is optically inactive. 

Since the acid-fast bacteria of the genus Mycobacterium contain so 
much lipide material, they have been the subject of many chemical 
studies, the most extensive and complete of which have been carried 
out by Dr. R. J. Anderson and his associates at Yale University. We 
cannot even begin to review their investigations at this time, since they 
have already published over 60 papers pertaining to the chemistry of 
the lipides of tubercle bacilli and related acid-fast bacteria. Anderson's 
(1932) review, as well as the papers which have appeared and are ap¬ 
pearing in the Journal of Biological Chemistry, should be read by all 
those interested in this subject. The fatty acids which are present in 
the acetone-soluble fraction of several acid-fast bacteria are listed in 
Table 16. It will be seen that tuberculostearic acid [Spielman (1934)], 
probably 10 -methylstearic acid, CH 3 • (CH 2)7 • CH • (CH 2)8 • COOH, 

CHs 

saturated fatty acid, and phthioic acid, also a liquid-saturated fatty 
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acid with a branched chain, are present in large amounts in the acetone- 
extractable fraction of the three acid-fast bacilli. The phthioic acid 
has the remarkable biological property of bringing about a proliferation 
of monocytes, epithelioid cells, and giant cells, with the formation of 
tubercular tissue, when injected into normal, healthy experimental 
animals. One of the most interesting points in connection with the 
neutral fat from the human tubercle bacillus is that it is not in the form 
of glycerides, but rather as a complex ester of fatty acids with trehalose 
[Anderson and Newman (1933)]. 


TABLE 16 

Fatty Acids Present in the Acetone-Soluble Fats from Acid-Fast Bacilli 


[From Anderson (1932)] 


Mycobacterium tuherculoeu 


Fatty Acids 
Butyric, C 4 H 8 O 2 
Palmitic, C 16 H 32 O 2 
Stearic, C 18 H 36 O 2 
Cerotic, C 26 H 62 O 2 
Linolcic, C 18 H 82 O 2 
Linolenic, C 18 H 30 O 2 
Tuberculostearic, C 19 H 38 O 2 
Phthioic, C 26 H 62 O 2 


hominis 

Trace 

Large amount 
Small amount 
Trace 

Small amount 
Large amount 


hovis 

Trace 

liarge amount 
None found 
Small amount 

Small amount 
Large amount 


Mycobacterium 

phlei 

Trace 

Large amount 
None found 
None found 

Small amount 
Large amount 


The fats which have been synthesized and extracted from yeasts 
usually contain a high proportion of unsaturated fatty acids. Fatty 
acids, such as butyric, caproic, lauric, palmitic, stearic, oleic, linoleic, 
linolenic, myristic, arachidic, and isocetinic, have been isolated on 
various occasions from yeasts [MacLean and Thomas (1920),Taufel, 
Thaler, and Schreyegg (1936), Fink, Haehn, and Hoerburger (1937)]. 
An illustration of the amount of fat produced by Oospora lactis when 
grown in Jena flasks containing a whey-inorganic salt medium may be 
cited (Table 17). An examination of these data shows that under the 
conditions of the experiment the maximum yield of crude fat was 
obtained in 6 days. 

The lipide content of different molds varies considerably. The con¬ 
tent of mold spores is reported to vary from about 1.0 to 14 per cent, 
and that of the mycelium ranges from 1.0 to 40 per cent, depending 
upon the species and upon such other factors as the period of incuba¬ 
tion, the type of carbohydrate and nitrogen in the medium, the degree 
of acidity of the substrate, and the presence in the medium of small 
amounts of zinc, manganese, or copper. Pruess, Eichinger, and Peter¬ 
son (1934) cultured 24 molds on two different types of media: (1) a 



412 THE CHEMICAL COMPOSITION OF MICROORGANISMS 


glucose-inorganic salts substrate and (2) a glucose-malt sprouts 
medium. Results of their analyses of the dried mycelia of the molds 
are given in Table 18. When the molds were grown on the glucose- 
inorganic salt (synthetic) medium, the lipide content of the mycelia 
varied from 1.1 to 19.9 per cent, with an average of 6.0 per cent; on the 
glucose-malt sprouts substrate a range of 1.5 to 24.4 was obtained, with 
an average of 8.8 per cent. The average lipide content of aU the molds 
was almost 60 per cent greater when grown on the glucose-malt sprouts 

TABLE 17 

Fat (Dbt Substance) Production bt Odspora lactis in a Whet Medium at 

25°-30®C. 

(From Fink, Haehn, and Hoerburger (1937)] 


Age, 

Total Yield of 
Substance, 

Total Yield of Crude Fat, 

Nitrogen in 
Substance, 

days 

grams 

grams 

per cent 

per cent 

2 

1.777 

0.133 

7.5 

6.40 

3 

3.238 

0.349 

10.8 

3.32 

4 

3.968 

0.631 

13.4 

3.16 

6 

4.771 

0.796 

16.7 

2.98 

6 

6.729 

1.290 

22.6 

2.81 

7 

6.147 

1.362 

22.0 

2.76 

12 

6.886 

1.162 

19.6 

2.86 

16 

6.710 

0.948 

16.6 

3.16 


substrate than when cultivated on the synthetic medium. However, 
some species {Aspergillus nidulans and Paecilomyces variola) produced 
more lipide on the chemically defined medium. Ward and his associates 
(1934, 1935) extracted the crude fat from the dried mycelia of 61 
different molds, using ethyl ether as the solvent. Of these molds 10 
contained more than 15 per cent crude fat (Table 19). Some of the 
physical and chemical characteristics of the crude fat extracted from 
Pemcillium javanicum are also cited below. 


Physical and Chemical Characteristics of Crude Fat from 
PeniciUium javanicum 

[From Ward and Jamieson (1934)] 


Solidification point, 6 to 7°C. 

Melting point, about 16 °C. 

Specific gravity (at 26®) 0.9146 

Refractive index (at 26®) 1.4680 

Acid value 10.6 

Saponification value 191 

Iodine value (Hanus) 84.0 

Reichert-Meissl value 0.3 

Acetyl value IO .7 


XJnsaponifiable matter, per cent 2.0 
Saturated acids (corrected), per 
cent 30.8 

Unsaturated acids (corrected), 
per cent 60.8 

Melting point of mixed saturated 
acids, ®C. 62.6 

Mean molecular weight of satu¬ 
rated adds 272 
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TABLE 18 

CmsiacAi. Composition of Certain Molds 


[From Pruess, Eichiuger, and Peterson (1934)] 



Olueose-Inorganic Salts Medium 

Organism 

Weight of 
Dry Pad, 
grams per 
100 cu. cm. 

Sterol, 
per cent 

Lipide, 
per cent 

Crude 
Protein 
(N X 6.26), 
per cent 

Carbo¬ 
hydrate 
(by Dif¬ 
ference), 
per cent 

Free 
Fatty 
Acid of 
Lipide (as 
Oleic), 
per cent 

AaperffilluB aerea 

2.67 

0.65 

4.7 

34.4 

60.9 ♦ 


AapergtUua carbonariua 

4.04 

0.30 

1.1 

13.7 

85.2 

he.z 

AapergxUun cinnamometia 

3.63 

0.42 

3.4 

26.0 

71.6 


AapergiUua citroaporua 

3.53 

0.45 

3.9 

32.5 

63.6 


AapergiUua clavatua 

2.03 

0.75 

7.6 

35.0 

57.4 

20.6 

Aapergillua fiacheri 

2.62 

0.90 

6.4 

31.2 

62.4 

15.2 

Aapergillua fiavipea 

2.81 

0.76 

7.0 

36.3 

57.7 

8.0 

Aapergillua fumigatua 

3.13 

0.82 

3.1 

31.2 

65.7 

51.5 

Aapergillua fuacua 

2.81 

0.93 

3.0 

28.1 

68.9 

30.2 

Aapergillua insuetua 

2.52 

1.10 

13.5 

23.7 

62.8 

13.4 

Aapergillua lutea 

2.62 

0.65 

3.8 

36.7 

59.5 


Aapergillua meUeua 

1.98 

0.88 

3.1 

40.6 

56.3 

44.9 

Aapergillua minutua 

2.33 

0.52 

7.4 

32.5 

60.1 

27.4 

Aapergillua nidulana 

3.45 

0.66 

19.9 

25.6 

54.5 

9.7 

AapergiUua niger 

3.14 

0.80 

2.6 

28.1 

69.3 


Aapergillua ochraceoua 

2.21 

0.61 

4.5 

43.1 

52.4 

19.7 

Aapergillua oryzae 

1.17 

0.84 

6.0 

33.7 

61.3 

19.5 

Aapergillua achiemanni 

2.39 

0.78 

4.1 

32.5 

63.4 

34.2 

Aapergillua aydowi 

2.02 

1.09 

5.0 

26.9 

68.1 

8.4 

PeniciUium aurantio-hrun- 







neum 

1.72 

0.87 

11.8 

23.7 

64.5 

17.6 

PeniciUium chryaogenum 

1.66 

0.91 

2.3 

43.7 

54.0 

67.8 

PeniciUium cyaneum 

0.76 

0.69 

2.4 

33.1 

64.5 


PeniciUium cyaneo-^fiUvum 

1.06 

0.40 

3.2 

36.3 

60.5 

39.4 

Pecilomycea varioti 

1.64 

1.25 

14.9 

30.0 

55.1 

14.8 

Average 

2.41 

0.75 

6.0 

31.6 

62.5 

27.6 


Glucose-Malt Sprouts Medium 

AapergiUua aerea 

2.55 

0.88 

6.1 

25.6 

68.3 t 

.... 

Aapergillua carbonariua 

6.03 

0.33 

2.1 

12.5 

85.4 

.... 

AapergiUua cinnamomeua 

4.16 

0.54 

5.0 

14.4 

80.6 


Aapergillua citroaporua 

2.59 

0.67 

1.5 

25.6 

72.9 


Aapergillua clavatua 

2.77 

0.86 

16.6 

22.5 

60.9 


Aapergillua fiacheri 

2.40 

0.84 

13.4 

28.1 

58.5 

8.3 

AapergiUua fiavipea 

2.53 

0.77 

23.0 

21.2 

55.8 

.... 

Aapergillua fumigatua 1 

2.63 

0.26 

1.8 

24.4 

73.8 

73.1 

AapergiUua fuacua 

3.94 

0.48 

6.7 

18.1 

76.2 

16.9 

AapergiUua inauetua 

2.32 

1.05 

24.4 

21.9 

53.7 

15.0 

AapergiUua lutea 

2.41 

0.45 

4.8 

26.2 

69.0 


AapergiUua mdleua 

2.56 

0.95 

3.8 

23.7 

72.5 

36.2 

AapergiUua minutua 

2.56 

1.10 

18.3 

23.7 


10.6 

AapergiUua nidulana 

4.16 

0.38 

16.8 

13.1 

70.1 

7.9 

AapergiUua niger 

3.87 

0.43 

2.8 

18.1 

79.1 


AapergiUua ochraceoua 

2.98 

0.44 

5.2 

21.9 

72.9 

24.3 

AapergiUua oryzae 

1.46 

1.09 

5.6 

36.3 

58.1 

19.9 

AapergiUua achiemanni 

3.47 

0.81 

5.2 

18.1 

76.7 

38.5 

Aapergillua aydowi 

2.53 

0.86 

5.2 

20.6 

74.2 

8.0 

PeniciUium aurantio-bru- 







neum 

2.21 

0.77 

12.9 

20.6 

66.5 

10.7 

PeniciUium chryaogenum 

1.87 

1.16 

7.1 

15.0 

77.9 

80.4 

PeniciUium cyaneum 

1.82 

0.70 

4.4 

20.6 

75.0 

.... 

PeniciUium eyaneo^fulaum 

1.71 

0.38 

8.2 

21.9 

69.9 


Pecilomycea varioti 

1.48 

1.70 

10.1 

26.9 



Average 

2.92 

0.78 

8.8 

22.5 

1 69.6 



* Values in this column include ash; this varies from 2.5 to 8.5 per cent, 
t Values in this column include ash; this varies from 1.0 to 4.5 per cent. 
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For further details on methods and results consult the references 
just cited and the papers by Strong and Peterson (1934), Lockwood, 
Ward, May, Herrick, and O’Neill (1934), Prill, Wenck, and Peterson 
(1935), Kroeker, Strong, and Peterson (1936), Woolley, Strong, Peter¬ 
son, and Prill (1935), and Bohonos and Peterson (1943). 

TABLE 19 

Crude Fat in the Dried Myceua of Certain Mouds 
[From Ward, Lockwood, May, and Herrick (1935)] 


Organism 

Crude Fat, 


per cent 

Penicillium hatlowiezense 

17.0 

Penicillium citrinum 

18.1 

Penicillium hirsutum 

18.4 

Penicillium soppi 

20.2 

Penicillium javanicum 

22.2 

Peiiicillium roqueforii 

22.9 

Penicillium oxalicum 

24.4 

Penicillium piscarum 

26-28 

Penicillium flavodnerium 

28.6 

Aspergillus flams 

16.0 


WAXES, STEROLS, AND HIGHER ALCOHOLS 

The general term wax is applied to many natural products, of which 
beeswax is the best-known example. Such compounds are usually 
thought of as fats in which glycerol is replaced by other alcohols. 
Most of these alcohols have a single hydroxyl group and a rela¬ 
tively high molecular weight. Probably the best known are cetyl 
alcohol (C 16 H 33 OH), ceryl alcohol (C 26 H 63 OH), and myricyl alcohol 
(CsoHoiOH). Many reports have appeared in the literature in reference 
to the wax-like substances which bacteria supposedly contain. Of 
the early work that of Tamura (1913) seems to be the most complete. 
He isolated an alcohol from the wax fraction of certain acid-fast 
bacilli and gave it the name mykol and the formula C 29 H 56 O. The 
compound was particularly interesting because it possessed acid-fast 
properties. 

More recently the chemistry of the wax fraction of several acid-fast 
bacilli has been studied by Anderson and his associates [see Anderson 
(1932), Anderson, Crowder, Newman, and Stodola (1936), Cason and 
Anderson (1937, 1938), Anderson, Creighton, and Peck (1940), and 
Peck and Anderson (1941)]. These workers have shown that the so- 
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called wax fractions of the acid-fast bacteria are composed mainly of 
hydroxy acids of very high molecular weight combined with carbo¬ 
hydrates or polysaccharides. In addition to these constituents the 
waxes yield on saponification small amounts of lower fatty acids and 
certain characteristic higher alcohols. To distinguish the high-molec¬ 
ular-weight hydroxy acids, which are specific metabolic products of 
the acid-fast bacteria, Anderson and his associates have designated 
them as mycolic acids. For example, the acid isolated from the bovine 
tubercle bacillus was called bovine mycolic acid, the three hydroxy 
acids from the avian tubercle bacillus were named a-, j3-, and 7 -mycolic 
acids; and the principal component of the wax of the timothy bacillus 
{Mycobacterium phlei)y a dibasic acid of high molecular weight corre¬ 
sponding approximately to the formula, C 70 H 138 O 6 , was called phlei- 
mycolic acid. The mycolic acids either are saturated compounds or 
have low iodine numbers, and they possess peculiar and interesting 
properties. They are dextrorotatory and acid-fast. In fact, they are 
the only substances which Anderson and his coworkers have been able 
to isolate from acid-fast bacilli which possess the property of acid¬ 
fastness. 

The waxes from Mycobacterium phlei and Mycobacterium leprae con¬ 
tain the optically active alcohols, |5-octadecanol (C 18 H 35 OH) and 
i^-eicosanol (C20H39OH), and esters of fatty acids with the disaccharide, 
trehalose. The simpler fatty acids obtained by saponification from the 
wax (called Icprosin) of the leprosy bacillus consist of myristic, palmitic, 
stearic, tctracosanic, and a new hydroxy acid called leprosinic acid 
(C 44 H 88 O 3 ). The wax of the bovine tubercle bacillus contains several 
interesting compounds, one of which is a crystalline dihydroxymono- 
methoxy alcohol (C35H72O3), identical w ith phthiocerol, which has been 
found only in the waxes from the human tubercle bacillus. The unsa- 
ponifiable matter of the avian tubercle bacillus consists principally of 
d-eicosanol- 2 , CH 3 (CH 2 )i 7 -CHOH-CH 3 , and a specific polysaccharide 
wliich on hydrolysis gives principally mannose, d-arabinose, galactose, 
and traces of glucosamine and inositol. According to Chargaff (1933), 
the chloroform-soluble wax-like substance from the attenuated strain 
of Mycobacterium tuberculosis, BCG, constitutes 11.1 per cent of the 
total dry weight of the bacteria and is a complex mixture giving on 
hydrolysis a pentose carbohydrate and palmitic and cerotic acids, as 
well as an acid-fast wax (C 52 H 104 O 3 ). The chloroform-soluble wax in 
MaUeomyces mallei has been studied by Umezu (1940). It consists of 
a white amorphous substance, melting at 169® to 172®C., and consti¬ 
tuted but 0.54 per cent of the dried bacilli. 
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Bacteria which are not acid-fast apparently contain very little, if 
any, waxy materials, because Chargaff and Levine (1938) reported that 
Phytommas tumefaciens contained only 0.8 per cent chloroform-soluble 
wax in the dry material and Corynebacterium diphtheriae only 0.3 per 
cent. 

The sterols are monohydroxy alcohols of high molecular weight. A 
condensed isocyclic system, consisting of three six-membered rings and 
one five-membered ring, forms the architectural principle common to 
such compounds. This will be seen in the two following formulas: 



The literature contains maiiy conflicting data concerning the presence 
of sterols in bacteria and other microorganisms. Several early workers 
reported their presence in bacteria, but others have doubted this claim. 
Anderson (1932) did not find any sterols in the lipide fractions of several 
acid-fast bacilli, Chargaff (1933) did not detect any in the lipides of 
Corynebacterium diphtheriae, and Williams, Bloor, and Sandholzer 
(1939) found no cholesterol or other sterols in several enteric bacilli 
studied. Hecht (1935), on the other hand, got a positive test for 
cholesterol in the petroleum-ether extract of Escherichia coli,- and 
Sifferd and Anderson (1936) isolated from Azotclbacter chroococcum 
a sterol which had a melting point of 166® to 158® and a [a]D of —16®. 

Yeasts are known to contain rather large amounts of sterol. Mac- 
Lean and Thomas (1920) reported that ergosterol may constitute as 
much as 20 per cent of yeast fat, and Maguigan and Walker (1940) 
found that the sterol (ergosterol) content of yeast varied from 0.14 
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per cent to 1.44 per cent, depending upon the gaseous environment and 
the medium. The sterols in brewer^s yeast were determined by Gali- 
mard (1934), who thought they were located in the cell membrane, 
probably existing as sterol-lecitliide-protein complexes. Taufel, Thaler, 
and Schreyegg (1936) studied the chemistry of the fat from yeasts and 
found it to contain 19.6 per cent unsaponifiable matter, of which 3.3 
per cent consisted of ergosterol and 16.3 per cent squelene. Wieland 
and his associates (1937) have studied the secondary sterols of yeast. 
Cryptosterol (C30H49OH) and zymosterol (C27H43OH) were isolated 
and studied. Cryptosterol was a secondary alcohol with two double 
bonds, melting at 138° to 140°C. and having a specific rotation, 
[«]d> of 48.7°. Zymosterol was a doubly unsaturated alcohol, and its 
dihydro derivative melted at 120° to 121°C. and had a specific rota¬ 
tion, [aJo, of 28.7°. Peck and Hauser (1938, 1939, 1940) found ergos¬ 
terol in the lipides of certain pathogenic fungi {Monilia albicans and 
Blastomyces dermatiditis). 

Sterols are also present in the fat-like substance of many molds. 
For example, Pruess, Gorcica, Greene, and Peterson (1932) made a 
survey of the sterol content of a great many molds. Some of their data 
are given in Table 18, where it will be seen that the average sterol con¬ 
tent of molds ranges from 0.75 to 0.78 per cent of dry mycelia. Hind 
(1940) likewise has demonstrated ergosterol in Penidllium carmino- 
violaceum. 

PHOSPHATIDES 

The terms phosphatide, phospholipide, etc., have been suggested as 
class names for fat-like substances containing both phosphorus and 
nitrogen. The most common phosphatide is lecithin, which is probably 
built up of glycerol esterified with two molecules of fatty acid and one 
of phosphoric acid to which is attached a choline radical. It may be 
represented by the following formula: 

Qlyoerol radical 

H2C—O—CO—R 
HC—O—CO—R 

H 2 C—O—P—O-CH 2 —CH 2 

\ I 

O OH HO—N(CH3)8 

1 ^ -» \ , ■ y-- -J 

Phosphoric Choline radical 

acid rascal 

o-Ledthin 


I Fatty acid radical 
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A phosphatide is usually classified simply by its ratio of nitro¬ 
gen to phosphorus, for example, as a monoamino-monophosphatide 
(N : P * 1 : 1 ), diamino-monophosphatide (N : P = 2 : 1), or mono¬ 
amino-diphosphatide (N : P = 1 : 2 ). 

Compounds which can be classified as phosphatides are known to be 
present in many, if not all, microorganisms, since they have several 
properties in common with true phosphatides. They form colloidal 
solutions in water and are soluble in most of the fat solvents, although, 
when pure, they are insoluble in acetone. They are usually very hygro¬ 
scopic and are oxidized spontaneously and rapidly when exposed to air 
and light. Furthermore, they form additional compounds with many 
inorganic salts, a property which is used extensively in the separation 
and purification of the phosphatides. Figures for the phosphatide 
content of non-acid-fast bacteria have been reported as ranging from 
0.4 per cent to about 2.0 per cent, whereas figures for the acid-fast 
bacteria are somewhat higher and vary between 0.6 per cent and 6.5 per 
cent of total dry bacteria. Nicolle and Alilaire (1909) and other early 
workers found phosphatides in several bacterial species studied, but 
few data were given on their composition. For this reason such 
studies are of only historical interest. 

The phosphatide from an attenuated tubercle bacilli, BCG, was 
studied by Chargaff (1933). It had a nitrogen-phosphorus ratio of 
about 8 to 1 , and the chief constituents were palmitic acid and the 
carbohydrate, mannose. Anderson, Lothrop, and Creighton (1938) 
reported that the phosphatide of the human tubercle bacillus contains 
at least two types of carbohydrates, both of which contain phosphorus 
in organic combination. One carbohydrate appeared to be a mannose- 
glycerodiphosphoric acid and the other a glucoside, manninositose 
phosphoric acid. The fatty acids in the phosphatide prepared from 
cell residues from tuberculin were determined by Peck and Anderson 
(1941). The solid-saturated acids consisted mainly of palmitic acid, 
although traces of stearic and mycolic acids were also found. The 
principal liquid-unsaturated acid consisted of oleic acid, and tuberculo- 
stearic acid (C 19 H 38 O 2 ) made up the greater part of the liquid-saturated 
fatty acid fraction. A small amount of higher branched-chain dex¬ 
trorotatory acids was also present in the phosphatide, but they were 
not definitely identified. 

Chargaff (1933) found the phosphatides irom Corynebacterium 
diphlheriae to have a nitrogen-phosphorus ratio of approximately 
1 : 1 ; on hydrolysis aldohexoses, fatty acids, a compound with a high 
molecular weight, and a base were obtained. The solid-saturated 
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fatty acid was exclusively palmitic, and the liquid fatty-acid frac¬ 
tion contained a new substance called corynin, C 49 H 97 (OH) 2 *COOH, 
which had a melting point of 70° to 71 °C. More recently, ChargafI 
and Levine (1938) purified the phosphatide from Phytomonas tumefa- 
dens. According to their analysis, it was a monoamino-monophospha- 
tide (N : P = 2.3 : 3.2). Phospholipides constitute the major portion 
of the total lipides of enteric bacilli, according to Williams, Bloor, and 
Sandholzer (1939). With one exception the phospholipides represented 
about 60 per cent of the total lipide from the various organisms. Simi¬ 
lar results have also been obtained by Stahl (1941), using Brucella 
abortus as a test organism. 

Yeasts and other fungi are known to contain phosphatides, but less 
work has been done on their chemical constitution than on that of 
some of the bacteria, especially the acid-fast bacilli of the genus My¬ 
cobacterium. However, Peck and Hauser (1938,1939,1940) have made 
a careful study of the phosphatides present in Blastomyces derrnaiiditis 
and Monilia albicans. Of the total lipides (8 to 10 per cent) present in 
Blastomyces dermatiditisj one-third consisted of phosphatide and two- 
thirds of an acetone-soluble fat, whereas of the total lipides (5.3 per 
cent) isolated from M. albicans 3.0 per cent separated into a phosphatide 
fraction and 97.0 per cent into an acetone-soluble fraction. 

As an example of the isolation of phosphatides from molds the study 
Woolley, Strong, Peterson, and Prill (1935) may be cited. They foimd 
the phospholipides of Aspergillus sydowi constituted 0.4 to 0.7 per cent 
of the dried mycelia and consisted of a mixture of lecithin and cephalin. 
Glycerophosphoric acid, choline, cholamine, and oleic acid were identi¬ 
fied as the chief hydrolysis products. Stearic, palmitic, and a more 
unsaturated acid were also present in small amounts. 

SYNTHESIS OF FATS BY MICROORGANISMS 

Although we have little or no information concerning the mechanism 
of fat synthesis by bacteria, we have fragmentary knowledge concerning 
the process as brought about by yeast. Haehn and Kinttof in 1925 
suggested that the higher fatty acids arise from acetaldehyde, which is 
formed as an intermediate product in sugar breakdo\\Ti. They arrived 
at this conclusion after carrying out extensive studies on the synthesis 
of fat by the so-called fat yeast, Endomyces vemalis. Kluyver (1931) 
and Fink, Haehn, and Hoerburger (1937) presented the scheme of 
Haehn and Kinttof in a slightly modified form, and the data presented 
below are from Kluyver^s book. Other possible schemes are also dis¬ 
cussed by Fink, Haehn, and Hoerburger (1937) and Reichel (1940) and 
should be consulted by those interested in this subject. 
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Glucose is first broken down, probably in the same manner as in 
alcoholic fermentation, to yield some intermediate product, perhaps 
methylglyoxal hydrate, which in turn gives pyruvic acid and hydrogen: 



(I) CeHwOe 2 CH 3 CO C—OH -> 2 CH 3 CO COOH + 4H 

Glucose Triose Pyruvic acid 

(Methylglyoxal hydrate?) 

At the same time another intermediate compound, glyceric aldehyde, 
is reduced to form glycerol: 

(II) CH2OH • CHOH • CHO + 2 H -> CH2OH • CHOH • CH2OH 

Glyceric aldehyde Glycerol 

The pyruvic acid formed in equation I is decarboxylated to give acet¬ 
aldehyde and carbon dioxide: 

(III) CHa • CO • COOH CH 3 • CHO + CO 2 

Pyruvic acid Acetaldehyde 

Then two molecules of the acetaldehyde condense to yield aldol: 

O H 

/■ \ 

(IV) CHa • C + H—C • CHO CHa • CHOH • CHa • CHO 

\ / 

H H 

Acetaldehyde Aldol 


The aldol then loses water with the formation of the unsaturated alde¬ 
hyde, crotonaldehyde: 

(V) CHa • CHOH • CH2 • CHO CHa • CH=CH • CHO + H2O 

Aldol Crotonaldehyde 

Crotonaldehyde is reduced by hydrogen to give butyric aldehyde: 

(VI) CHa CH^CH CHO + 2 H -» CHa CHa CHa CHO + HaO 

Crotonaldehyde Butyric aldehyde 


The butyric aldehyde condenses with another molecule of acetalde* 
hyde to produce a higher homolog of aldol, namely, /3-hydroxycaproic 
aldehyde: 


O H 


(VII) CHaCHaCHaC 


/ 

\ 


+ H^CHO 


1/ 


Butyiio aldehyde Acetaldehyde 


CHa • CHa • CHa • CHOH • CHa • CHO 

^Hydroxycaproic aldehyde 
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The j 9 -hydroxycaproic aldehyde loses water and yields a-/ 3 -hexylene 
aldehyde: 

(VIII) CH3 CH2 CH2 CHOH CH2 CHO 

/3-Hydroxyoaproio aldehyde 

CH3CH2CH2CH==CHCH0 + H2O 

a-^-Hexylene aldehyde 

In turn this is reduced to caproic aldehyde: 

(IX) CH3 • CH2 • CH2 • CH==CH • CHO + 2 H 

a-^-Hexylene aldehyde 

CH3 • CH2 • CH2 • CH2 • CH2 • CHO 

Caproic aldehyde 

This process of condensation with acetaldehyde, dehydration, and 
reduction continues until an aldehyde compound with a chain of car¬ 
bon atoms corresponding to one of the higher fatty acids is formed. 
Oxidation of the aldehyde group (CHO) to a carboxyl group (COOH) 
then gives the fatty acid. The fatty acids thus produced form esters 
with glycerol, which arises in the early stages of the process (see equa¬ 
tion II). Most of the fats which have been isolated from yeasts are 
true glycerides and contain fatty acids with an even number of carbon 
atoms. Therefore this scheme serves to illustrate the mechanism in¬ 
volved. On the other hand, when we try to explain the synthesis of 
bacterial fats and waxes by such a scheme, we encounter many diffi¬ 
culties. For instance, some of the fats and waxes of the tubercle 
bacillus are not glycerides or compounds containing well-known alco¬ 
hols, but rather esters in which glycerol has been replaced by the 
disaccharide trehalose or even more complex polysaccharides, and in¬ 
stead of all the fatty acids being straight-chain acids, some are known 
to have branched chains. 

THE PIGMENTS OF MICROORGANISMS 

A great many microorganisms produce some coloring matter or pig¬ 
ment. Some of the pigments remain confined mthin the cells, but 
others are secreted by the cells into the surrounding medium. Often 
this characteristic is used to classify the pigments as extracellular or 
intracellular. Further classification can then be made on the basis of 
solubility in various reagents [see Wolberg ( 1938 )]. Shades of color 
ranging from red to violet to black are formed by bacteria, especially 
aerobic species. It has been stated that pigments are never produced 
by anaerobic bacteria, but this point requires further investigation [see 
French ( 1940 )]. Higher fungi also produce pigments of many shades. 
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Pigmentation by microorganisms is governed by a variety of factors. 
Reid (1936) showed that solid media are usually more favorable than 
liquid substrates for the detection of color, and that the principal ele¬ 
ment essential for the production of pigment by bacteria is nitrogen. 
Certain mineral salts are sometimes necessary, and the reaction (pH) of 
the medium may influence the color of certain pigments. The carbon 
source, temperature of incubation, oxygen supply, and presence of light 
are also factors which at times govern pigment production by bacteria 
and other fungi [Wolberg (1938)]. 

The literature on this subject is so large that it is impossible to give 
an extensive review. Only brief mention of some of the more recent 
studies will be given. For more extensive reading the references at 
the end of the chapter, particularly the general reviews by Berg- 
mann, (1933, 1934), Godfrin (1934), Reid (1936), Birkinshaw (1937), 
Wolberg (1938), A^ite (1939), and Heilbron (1942), should be con¬ 
sulted. For references to the older literature volume I by Buchanan 
and Fulmer (1928) should be consulted. By far the greatest amount of 
work in this field has been carried out by Raistrick and his associates 
in England, who have been mainly concerned with mold pigments. 
Reference to most of their studies will be found in the review by Birk¬ 
inshaw (1937). 

So little is known about the chemical nature and composition of the 
microbial pigments that a general classification based entirely on such 
knowledge is impossible at this time. For the most part, however, 
the pigments isolated to date may be classified as follows [White 
(1939)]: 

Bacterial Pigments Fungus Pigments 

Pyrrole derivatives Benzene derivatives 

Phenazines Diphenyl quinones 

Carotenoids Terphenyl quinones 

A naphthoquinone Anthraquinones 

Miscellaneous Phenanthraquinones 

Oxonium bases 

Hydrocarbons 

Miscellaneous 

These two main groups will be discussed separately. A somewhat simi¬ 
lar classification was employed by Wolberg (1938). He also tabulated 
the solubilities of most of the known bacterial pigments. 

BACTERIAL PIGMENTS 

Because of certain cultural difficulties investigations concerned with 
bacterial pigments have not produced so many substances as have 
similar researches on higher fungi. However, two pyrrole derivatives. 
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three phenazines, several carotenoids and the naphthoquinone, phthio- 
col, have been well characterized (Table 20). As we shall point out 
shortly, the pigments from higher fungi include many quinones, but 
none appear to be naphthoquinones, but the only true quinone thus far 
isolated from bacteria belongs to the naphthoquinone group. 

The two pyrrole derivatives which have been isolated from bacteria 
consist of bacieriochlorophyll and prodigiosin. Bacteriochlorophyll is 
closely related to, but apparently not identical with, the chlorophyll of 
green plants. The pigment has been isolated from the photosynthesiz- 
ing bacteria, Rhodohojcillus palustris, Rhodovibrio, and Thiocystis violacea, 
which, like higher plants, assimilate carbon dioxide in the light. It is 
thought to exist in two forms, usually spoken of as bacteriochlorophyll 
a and b. Bacteriochlorophyll b is the more highly oxidized. These sub¬ 
stances are very labile and can be reversibly oxidized and reduced by a 
number of agents. The empirical formula for bacteriochlorophyll b is 
C55H72N406-Mg*H20, accordiug to Schneider (1934). Fischer and 
his associates (1935, 1937, 1938) have shown that the structure for 
bacteriochlorophyll a is most probably represented by the formula given 
in Table 20. Van Niel and Arnold (1938) have described a simple and 
rapid method for the quantitative determination of bacteriochlorophyll. 
The technique is based on the quantitative extraction of the pigment, 
its quantitative conversion into bacteriopheophytin, and the spectro- 
photometric estimation of the bacteriopheophytin in a mixed solvent. 
The procedure does not have an experimental error of more than 3 
per cent. French (1940) has studied the pigment-protein complex in 
several photosynthetic bacteria including Spirillum rubrum^ Rhodovi- 
brio species, Phaeomonas species, and Streptocococcus varians. He found 
that the absorption curves for the water-soluble cell juice from these 
organisms all showed approximately the same maxima at 790 and 
590 miu. The second pyrrole derivative which has been fairly well 
characterized is prodigiosin, the red coloring matter produced by 
Serratia marcescens {Bacillus prodigiosus). 

The three bacterial pigments which are phenazine derivatives are: 
pyocyanirtj chlororaphirij and 1:2-dihydroxyphenaziue-di’-N-oxide. Py- 
ocyanin is the dark-blue pigment produced by Pseudomonas aeruginosa 
{Pseudomonas pyocyanea)^ and was the first phenazine derivative to be 
found in nature. It is decolorized by either oxidation or reduction and, 
with alkali, is converted into oxidation and reduction products. It has 
been used in a number of experiments as an accessory respiratory fer¬ 
ment. The most important studies of this pigment are referred to in 
Table 20. Chlororaphin is a green pigment which has not received a 
great deal of attention. Likewise, the pigment (1 : 2-dihydroxyphenaz- 
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TABLE 20 {C(mtinued) 

Pigments Produced by Certain Bacteria 
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ine-di-N-oxide) of Chr(mix>bacterium iodinum has only recently been 
investigated from a chemical standpoint. 

A large number of carotenoid pigments have been isolated from bac¬ 
teria by various workers. The carotenoids are red, orange, or yellow 
pigments which are soluble in the solvents: ether, chloroform, benzol, 
and carbon disulfide. They derive their name from carotene, C 40 H 56 , 
the unsaturated hydrocarbon present in carrots, egg yolk, and butter. 
The xanthophylls, C 40 H 66 O 2 , also belong to this general group. Such 
compounds are usually distinguished by chromatographic analysis. 
Most of the carotenoids give the lipocyan test, a deep-blue color with 
concentrated sulfuric acid. Those bacteria which produce bacterio- 
chlorophyll also contain carotenoids, and it has been shown that the 
two types of pigment are present in the same ratio as in the higher 
plants. Several of the carotenoids isolated have been found to be 
identical with those already known, for example, jS- and 7 -carotene, 
lycopene, and xanthophylls, but many are new. For example, Karrer 
and his associates (1935,1936,1938,1940) have studied the carotenoids 
of the purple bacteria and described the following new pigments: 
rhodoviolascin, rhodopin, rhodopurpurtn^ flavorhodin. Lycopene and 
0 -carotene were also present. Spirillum rvbrum forms the purple pig¬ 
ment, spirilloxanthin, which contains one hydroxyl group and fifteen 
double bonds, as well as other carotenoid pigments [van Niel and Smith 
(1935)]. French (1940) has also reviewed the work on carotenoids in 
certain photosynthetic bacteria. 

The carotenoids, however, are by no means restricted to occurrence 
with bacteriochlorophyll, since a number of bacteria which are not 
photosynthetic also produce such pigments. For instance, Reader 
(1925) isolated a new carotenoid, coralin, from Streptothrix corallinus. 
Chargaff (1933, 1934) and Chargaff and Lederer (1935) isolated two 
carotenoids from Sardua lutea, zeaxanthin and 0 -carotene from Sarcina 
aurantiacay and zeaxanthine from Staphylococcus aureus and studied 
the carotenoids in two acid-fast bacilli. Ingraham and Steenbock 
(1935) demonstrated kryptoxanthin, a- and 0-carotene, lutein, zeaxan- 
tliin, and azafrin in a study of the production of carotenoids by Myco- 
bacterium pfdei; and leprotin, a carotenoid hydrocarbon similar to 
0 -carotene, was found by Gnmdmann and Takeda (1937) in an acid- 
fast bacteria isolated from a leprous lesion. Nakamura (1936) was of 
the opinion that the yellow pigment produced by S. lutea was very 
closely related to kryptoxanthin, but Lederer (1938) called this caro¬ 
tenoid sarcinene. Lederer also isolated a similar compound from 
Bacterium hjlobiumy to which he assigned the name bacterioruberin. 
More recently Takeda and Ohta (1941) have studied the carotenoid 
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pigments of S. lutea and report the isolation of a new xanthophyll, which 
they call sarcinaxanthin. The pigment melts at 149® to 150®C. and 
has absorption maxima at 480, 451, and 423 m/i in chloroform and ben¬ 
zene. The pigments from variants of Micrococcus tetrageMus have been 
studied spectrometrically by Reimann and Eckler (1941). The follow¬ 
ing pigments were recognized in the respective type strains: yellow 
strain—xanthophyll; white strain—no pigment; pink strain—rhodoxan- 
thin; mucoid-pink strain—lycopene; pink-yellow strain—a-carotin or 
rubixanthin and other unidentified pigments; brown strain—y-carotin 
or rubixanthin and other unidentified pigments. Stahly, Sesler, and 
Erode (1942) have also developed an accurate and simple method for 
measuring bacterial pigments by the use of the spectrophotometer and 
the photoelectric colorimeter. The spectrometer is employed first to 
determine the absorption spectra data for each specific pigment. These 
data are then applied in the use of the photoelectric colorimeter for the 
measurement of the pigment in a bacterial suspension. For example, 
one filter is chosen to transmit the light waves which are unabsorbed 
by the bacterial pigment; a second filter transmits the light which is 
affected most by the pigment. The colorimeter reading with the first 
filter represents turbidity; that with the second filter, turbidity plus pig¬ 
ment. Calculations can then be made to obtain the photometric 
density due to pigment for a standard turbidity. Using this technique, 
Sobin and Stahly (1942) studied twelve carotenoid pigments isolated 
from fourteen different bacteria, including five species of the genus 
Flavobacieriurrij three of Sarcina^ two of Micrococcus^ two of Erwinia, 
and one each of Bacterium and Cellulorrumas. Some bacteria produced 
only one pigment, whereas others produced several. Pigments whose 
absorption maxima were identical with those of A-carotenoid and 
rubixanthin were found in all strains of S. aureus studied. 

The only naphthoquinone which has been isolated from bacteria is 
the yellow pigment, phthiocolf which Anderson and Newman (1933) 
demonstrated in human tubercle bacilli. 

A great many other pigments are produced by bacteria, but their 
constitutions are not yet clear. They include caryocyanine from Bac- 
terium caryocyaueus [Godfrin (1934)]; a lyochrome from Pseudomonas 
Jluorescens [Giral (1936)]; the blue pigment, indigoidine^ from Pseudo¬ 
monas indigofera [Elazari-Volcani (1939)]; melanin from Azotobacter 
chroococcum [Ungerer (1934)], Bacillus niger, and related species; 
tozoflavin from Bacterium cocovenenans [van Veen and Baars (1937, 
1938)] and other flavins from many bacteria [Yamagutchi and Usami 
(1939)]; violacein (C 10 H 12 O 8 N), a quinone imine, from Chromcbacterium 
violaceum; cytochromes; and other pigments concerning whose chemistry 
even less is known. 
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ilvic acid (yeUow) PeniciUium Oxford, Raistrick, and 

(Ci 4 Hi!^ 8 ) Brefeldianum Simonart (1935) 

M.P. 246®C. PenidUium fle^mosum 
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FUNGUS PIGMENTS 

The pigments produced by certain higher fungi have been more com¬ 
pletely investigated than those from bacteria. One of the most im¬ 
portant reasons for this difference is the ease of cultivating certain 
molds on simple subtrates. Of the pigments isolated from molds and 
related fungi the anthraquinone group has the most representatives. 
Several pigments are listed in Table 21, together with references to 
their investigators. Unfortunately space does not permit a discussion 
of the chemistry of these compounds. For details the references should 
be consulted. 

Of the benzene derivatives isolated from higher fungi three are deriva¬ 
tives of toluquinone, and two are quinol products. The toluquinones 
are represented by fumigating apinulosin, and dtrinin. The two 
quinols, hydroquinones, are auroglaucin and flavoglaucin. The only 
diphenyl quinone which has been obtained from fungi is called phenidn; 
it was first isolated by Friedheim from Penicillium pheiceum and has 
been synthesized by Posternak (1938). Several intermediate semi- 
quinones may be formed by partial reduction of phenicin; for this reason 
it is believed to be a respiratory pigment. It is yellow in strongly acid 
solutions (pH 1.0 to 3.0), red at pH 4.9 to 6.0, and violet in alkaline 
solutions. The color gradually disappears when the pH is maintained 
above 8.6. Three terphenyl quinones have been recognized as metabolic 
pigmented products of fungi. Polyporic acid is the simplest example 
of this group. It is a yellow pigment which gives violet solutions in 
alkalies. Atromentin is the brown pigment of the top and stem of the 
fruiting body of the fungus Paxillus atromentosus, which grows in the 
spring on old tree stumps. Muscarufin is thought to occur in the 
organism as a glucoside but undergoes hydrolysis during isolation. 
In an examination of a great many species of the genus Helmintho- 
aporium Raistrick and his associates have isolated several different an- 
thraquinones, such as catenarin, cynodontin^ emodic acidy helming 
thosporin, and tritisporin. Boletol and other pigments also belong to 
this group. Two representatives of the phenanthraquinone group may 
be mentioned which occur in higher fungi. They are telephoric acid 
and xylindein. 

Four oxonium bases have been isolated from fungi. These are 
ravenelin from Helminthosporium ravenelii, ruhrojusarin from Fusarium 
culmorum, lactaroviolin from Lacterium deliciosus, and citromycetin, the 
yellow coloring matter from Citromyces glaber. 

Among the hydrocarbon pigments of the higher fungi, a-, jS-, and 
7 -carotene, lycopene, and several other carotenoid hydrocarbons have 
been isolated from yeasts. Tischer (1937, 1938, 1939) studied the 
carotenoids of the fresh-water alga, Henudococcus phmalia and Aphani^ 
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zomenon flos-dqvxiey and demonstrated the presence of /3-carotene, 
lutein, and zeaxanthin, as well as a new carotenoid, hemcUoxanthinf 
with an absorption maximum at 478 m/i. Besides these carotenoids, 
Tischer isolated and described the following new polyene pigments from 
A. flos^^aquae: aphaniriy C 40 H 54 O, with absorption maxima at 605 and 
474 mja; aphanidn, CsoHioeOa, which contains twelve double bonds; 
and aphanizophyll and flavaciuy which were not fully characterized, A 
new carotenoid, torulene, has recently been isolated by Fromageot and 
Tchang (1938) from Rhodoiorula sanniei. Other hydrocarbons of in¬ 
terest, belonging to the azulene group, are lactarazulene and verdazulene, 
which have been isolated from Ldctarius deliciosus by Willstaedt 
(1935, 1936, 1939). 

Other miscellaneous fungus pigments have been described, but their 
composition has not been completely solved. Examples include os- 
pergillinf the complex brown pigment of the spores of Aspergillus 
nigerj aurantin from Oospora aurantiay fulvic acid from certain PeniciU 
Hum species, and monascoflavin and monascorubrin from Monascus pur- 
pureus. Certain of their properties will be found in Table 21 . For 
other details the references should be consulted. 

BACTERIA AND OTHER FUNGI AS A SOURCE OF 
VITAMINS FOR HIGHER ANIMALS 

Probably the members of the vitamin B-complex are the principal 
vitamins which are synthesized by microorganisms, although it is 
known that bacteria synthesize compounds which exhibit vitamin K 
activity, as well as compounds which resemble other well-known 
vitamins. The earlier work on this subject, however, is difficult to 
classify with our present knowledge of the various fractions of the 
vitamin B-complex. 

Wollman (1921), Wollman and Vagliano (1922), Slanetz (1923), and 
Cunningham (1924) were unable to demonstrate vitamin A or vitamin 
B in Lactobacillus bulgaricus(^), Azotobacier chroococcum, Bacterium 
lactis-acidi, Serratia marcescens, Bacillus mycoideSf BaciUus subtilise 
Rhizobium leguminosarumf Micrococcus agiliSy and the tubercle bacillus. 
Cooper (1914) and Weill, Arloing, and Dufourt (1922) could not demon¬ 
strate vitamin B activity in Escherichia coli when the organisms were 
fed to pigeons that were on a diet of polished rice. Damon (1923, 
1924) reviewed some of the early work on this subject and in his own 
investigations showed that the timothy bacillus, Mycobacterium smeg- 
matis, and Mycobacterium moelleriy when fed to rats in the dry form 
(7.5 per cent of the diet), served as a source of vitamin B. KldmeUa 
pneumoniae and Bacillus adherens were both negative. 
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Sunderlin and Werkman (1928) demonstrated vitamin B synthesis 
by subtilis, B. adherenSf B. mycoides, E. coli, A. chroococcum, and 
R> leguminosarum. Schieblich (1929, 1930, 1931, and 1933) obtained 
positive results for vitamin B synthesis with Bacillus vulgaius, Bacillus 
meserUertcus, B. mycoides^ B. mycoides-ruber, Bacillus ellenbachensis, S. 
marcescens, Bacterium lactisHierogenes, and Vibrio alcaligenes. He 
used the pigeon as a test organism in many of his experiments. Peskett 
(1933) makes reference to several other important articles dealing with 
the i^ynthesis of vitamins by microorganisms. 

Along this line is the interesting work by Bechdel, Honeywell, 
Butcher, and Knutsen (1928), and Guerrant and Butcher (1935), 
dealing with the synthesis of vitamin B by the bacterial flora present 
in the intestine of animals. Bechdel, Honeywell, Butcher, and Knutsen 
isolated from the rumen of the cow a new bacterium, Flavobacterium 
vitarumen, which was foimd to be a potent synthesizer of vitamin B. 
This subject was also studied by Kon, Kon, and Mattick (1938) in an 
investigation of factors governing potato-starch refection in rats and 
by Abdel-Salaam and Leong (1938), who studied the synthesis of 
vitamin Bi by the intestinal bacteria of the rat. Guha (1932) found 
that Bacillus vulgaius was not able to synthesize sufficient Bi in a 
simple S3nithetic medium to make the process convenient for the con¬ 
centration of the vitamin. According to Guha, the organism is able to 
synthesize ‘^bios” in quite large quantities. More recently, Wegner, 
Booth, Elvehjem, and Hart (1940) have studied the synthesis of six 
members of the vitamin B-complex in the rumen of the cow. Signifi¬ 
cant amounts of these vitamins were formed in the rumen when the 
animals were fed a ration very low in these compounds, and the in¬ 
vestigators concluded that the synthesis was very likely due to bac¬ 
terial action. Similar results have been observed since 1940 by other 
workers using different animals. 

Early work by Nelson, Fulmer, and Cessna (1921), Harden and 
Zilva (1921), and MacBonald (1922) showed that various higher fungi, 
especially yeasts, were able to synthesize vitamin B. Monilia Candida 
was found to effect a vitamin B synthesis by Hoet, Leclef, and Belrue 
(1924), and Sunderlin and Werkman observed similar results with 
TorvJa rosea and Oidium lactis. Copping and Roscoe (1937) found 
yeasts to vary in vitamin Bi (thiamin) from 20 to 140 yg. per gram. 
Williams and Spies (1938) state that there is evidence of vitamin Bi 
synthesis in some of the higher fungi such as Mucor, Rhizopus nigricans^ 
Aspergillus niger, and other species. 

The medium on which the various microorganisms are cultivated 
seems to be an important factor in the synthesis of vitamin B, since 
Pavcek, Peterson, and Elvehjem (1937) observed the thiamin con- 
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tent of yeast to vary from 12 to 40 /ig. per gram, depending upon the 
substrate. 

Passing mention should be made of vitamin A synthesis by marine 
diatoms and other organisms, as reported by Jameson, Drummond, 
and Coward (1922) and Hjort (1922). Also, Norris, Simeon, and 
Williams (1937) observed that certain of the marine algae were a good 
source of vitamin B and vitamin C. The vitamin B was determined by 
feeding rats, and the vitamin C content was titrated with 2,6-dichloro- 
phenolindophenol. 

Further data on the S 3 nithesis of vitamins by various bacteria will be 
discussed in Chapter 7, Bacterial Nutrition. 

THE PYROGENS OF MICROORGANISMS 

The administration of transfusion fluids, such as plasma, and of 
vaccines, antisera, or other bacterial preparations is frequently accom« 
panied by reactions which produce high temperatures and chills in 
man and animals. These reactions are due to substances called pyro¬ 
gens, which are thought to be of microbial origin. 

Most of the studies on this subject have been concerned with methods 
of testing for the presence of pyrogens in solutions or ways to eliminate 
them from solutions. Robinson and Flusser (1944), however, have 
isolated the pyrogens from different bacteria and have studied them 
chemically. The elementary analyses of these substances are given in 
Table 22. The pyrogen isolated from the typhoid preparation had a 
molecular weight of about 62,000, and was homogeneous in nature. 
When between 25 and 50 /ng. of this substance was given per kilo of 
rabbit, a rise in temperature of about 2.5°C. was observed. Tests in¬ 
dicated that the pyrogens from all the organisms were carbohydrate 
in character, and similar results have been reported by others [Tui, 
Hope, Schrift, Powers, Wallen, and Schmidt (1944)]. 

TABLE 22 

The Chemical Composition of Bacterial Pyrogens 


[From Robinson and Flusser (1944)] 



Eherthella typhosa 

Pseudomonas 

Proteus 


+ para A and B, 

aeruginosa. 

vulgaris, 


per cent 

per cent 

per cent 

Carbon 

39.28 

38.76 

35.83 

Hydrogen 

6.95 

6.53 

6.06 

Nitrogen 

0 

0 

0 

Phosphorus 

0.38 

2.38 

0.29 

Ash 

4.43 

12.18 

8.33 
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BACTERIAL ENZYMES AND BACTERUL 
RESPIRATION 

For many years chemists have known that the velocity of certain 
reactions can be accelerated by adding small amounts of certain in¬ 
organic or organic substances to reacting mixtures. For example, 
hydrogen and oxygen gases do not combine very rapidly at ordinary 
temperatures. However, if a mixture of the two gases is passed over a 
small amount of colloidal platinum, the union takes place instantly. 
Water also plays a very important role in certain chemical reactions. 
Sometimes it accelerates a reaction, whereas in other instances, espe¬ 
cially when it is a product of the reaction, it may inhibit or retard a 
reaction. Hydrogen and chlorine gases, when dry and pure, do not 
unite to any extent to form hydrogen chloride, but, if a trace of water 
is present, the rate of the reaction is greatly increased. As we shall 
point out later, water also enters into all biological systems. 

Substances which possess the remarkable power of affecting the 
speed of chemical reactions are called catalysts or catalytic agents, and 
their activity is known as catalysis. The word catalysis is derived 
from Greek and means literally “down-loosening.” Catalysts may be 
either inorganic or organic in nature. Although the inorganic catalysts 
are extremely important in many chemical and biological reactions, 
we shall give little attention to them here. Catalysts are often termed 
positive or negative; that is, they may increase or decrease the rate 
of a reaction. The po.sitive catalysts are probably more important. 
In older conceptions catalysts were looked upon as mysterious chemical 
compounds which in some way accelerated chemical reactions. Fur¬ 
thermore, it was agreed that all catalysts had two properties in com¬ 
mon: (1) a catalyst never initiated a new reaction but merely changed 
the rate of a reaction already in progress, and (2) the catalyst neither 
was used up in the process nor appeared in the principal end products 
of the reaction. As our information has increased on this subject, it 
has been necessary to make certain revisions in the older viewpoints. 
The newer conception is that a catalyst may actually initiate certain 
chemical reactions; and, although it does not appear, as a rule, in the 
end products of the reaction, the catalytic surface itself undoubtedly 
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enters into the reaction at some stage and forms labile compounds with 
the reactive molecules of the substrate. These labile compounds are 
then rearranged or altered while associated with the catalyst and break 
down with the formation of new products and the regeneration of the 
catalyst. 

Enzymes may be defined as organic catalytic agents which are elab¬ 
orated by living cells and which may act independently of the life proc¬ 
esses of the cells. According to Waksman and Davison (1926), the 
word enz 3 rme was first suggested and employed by Kuhne in 1867 to 
replace the term imorganized ferment since a great deal of confusion 
existed in the older literature as a result of the indiscriminate use of the 
word ferment. The word enzyme is derived from the Greek and means 
literally ‘fin yeast’’ or ‘fin leaven.” Enzymes are also frequently 
called biochemical catalysts and biocatalysts, but, since there are 
many biochemical catalysts, Tauber (1937) proposed the following 
classification to assure a distinct differentiation between true enzymic 
and nonenzymic catalysts: 

1. Specific celUindependent, hiochemicol catalysts or enzymes: catalysts which 
are produced by the living cell, but whose action is independent of the living 
cell, and which are destroyed if their solutions are heated long enough. Ex¬ 
amples: pepsin, trypsin, maltase, lipase. 

2. Specific^ cell-dependentf biochemical catalysts: catalysts produced by living 
cells, active in vitro as well as in vivo, their activity, however, depending on the 
unimpaired cell. They are destroyed on heating, and their activity ceases on 
mechanical destruction of the cell. Examples: the catalyst affecting synthesis 
of urea in the liver, and the dehydrogenetic function of certain bacteria which 
is inactivated on cell destruction (toluol). 

3. Nonspecific biochemical catalysts: catalysts elaborated by the living cell, 
their action being independent of the life process of the cell. They are not 
destroyed to any extent when their solutions are heated. Examples: gluta¬ 
thione, ascorbic acid, cytochrome, adenylic acid. 

It is now generally recognized that enzymes play a dominant part 
in all the physiological processes of living cells. In fact, Willstatter, a 
leader in enzjune investigation, says, “We may regard life as a system 
of cooperating enzymatic reactions.” The hydrolytic processes in 
digestion, the oxidizing and reducing reactions in respiration, the dis¬ 
integrations in cell metabolism, and undoubtedly the synthetic proc¬ 
esses as well—^all depend upon catalysts for their activation and accel¬ 
eration. In performing such duties in the mildest of reagents, the en^ 
zymes of the living cell affect a vast number of complicated reactions 
which so far are beyond the powers of the organic chemist to under¬ 
stand. Enzymes are present in bacteria, yeasts, molds, and other 
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microorganisms in great variety. Some of the harmful effects of 
pathogenic organisms are caused by enz 3 rmes or products of enz 3 rme 
activity, for example, the true bacterial toxins, which are substances 
synthesized by the organisms. Yeasts and other organisms cause 
fermentation by virtue of enzj^mes, and the proteolytic action of cheese 
bacteria and molds is well known. Since most life processes involve 
enzyme activity of one sort or another, the healthy functioning of an 
organism depends largely upon the proper equilibrium between the 
various factors involved. 

ENZYME NOMENCLATURE AND TERMINOLOGY 

A great many enzymes have been described in the literature [see 
Oppenheimer (1925-1937)], although the existence of some of them has 
not been definitely established. Since our knowledge of the true nature 
of many enzymes is very vague, we are forced to classify and study them 
by their activities and by the effects of various factors on these activi¬ 
ties. 

In the early days of bacteriology, as we have mentioned, enzymes 
were called ferments, and two types were recognized. Organized or 
formed ferments were thought to be directly connected with the life of 
the microorganism, or were possibly considered the living cell itself, 
whereas unorganized or unformed ferments were believed to be agents 
which operated outside the cell and, once formed, were independent 
of the vital processes of the cell. This distinction was of course arbi¬ 
trary, and, as our knowledge increased, it became less and less tenable. 
Therefore, in order to avoid the use of these confusing terms, Ktihne 
proposed the term enzyme for these bodies. 

At least four systems of nomenclature for enzymes have been pro¬ 
posed. They are: 

1 . Substituting the ending -asc for the last part of the substance or 
substrate decomposed, for example: 


Substrate 

Enzyme 

Lactose 

Lactase 

Maltose 

Maltese 

Urea 

Urease 

Protein 

Protease 


2 . Combining the ending -asc with the name of one of the end 
products formed in the reaction, as alcoholase, 

3 . Combining the ending -ase with the name of the reaction taking 
place, such as hydrolase, oxidase, and reductase. 
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4. Employing classical names which have no relation to the process 
involved, such as rennin, tryspin, pepsin, emulsin, and zymase. Such 
names often designate specific preparations which may contain a num¬ 
ber of enzymes. 

The first system of terminology, as proposed by Duclaux, 1898-1899, 
is now generally employed in enzymology; this system, in combination 
with the third, is frequently used for classification purposes. It has also 
been suggested that synthesizing enz 3 anes should be named by the 
addition of the ending -ese to the substance formed, but this termi¬ 
nology has not been accepted. 

Many times it is convenient to classify enzymes in respect to their 
relationship to the cell; that is, extracellular enzymes, which are formed 
by the cell and then secreted outside, where they exhibit their activity, 
and intracellular enzymes, which are formed by the cell and retained 
inside it throughout their life. However, there is no absolute distinc¬ 
tion between these two types of enzymes. 

Often a cell secretes not the complete enzyme but rather a mother 
substance called a proenzyme or zymogen^ which is transformed into an 
active enzyme outside the cell by means of chemicals, as in the action 
of HCl on pepsinogen, or by special substances known as kinases. 
Other terms which are used in enzymology are: antienzymef which is an 
immune body that inhibits or interferes with enzyme activity; activator 
and inhibitor^ which are chemicals of relatively low molecular weight, 
usually inorganic in nature, that accelerate or inhibit enzyme activity, 
respectively; and coenzyme^ which refers to an organic compound of 
relatively low molecular weight which is necessary for the action of 
certain enzymes. Compounds which can be allocated to the coenzyme 
group are discussed in more detail on pp. 464 to 487. 

THE ISOLATION OR PREPARATION OF ENZYMES 

The modem methods of obtaining concentrated enzyme prepara¬ 
tions may be placed in two general categories. The first is the adsorp¬ 
tion methodf which was introduced by early workers and was further 
improved by Willstatter and his associates. It is based on the separa¬ 
tion of the enzyme from extraneous matter by adsorption on a suitable 
colloid, such as kaolin, certain aluminum hydroxides, or other specially 
prepared gels, and the subsequent freeing or elution of the enzyme from 
the adsorbent. This method of purification is based on the greater 
affinities of the adsorbent for the enz 3 me than for the impurities; by 
repeating the procedure several times a concentration of the enz 3 rme 
is obtained. However, the adsorption procedure is often the cause of 
enormous loss in active enzyme material. The second method, or 
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group of methods, is that used chiefly by various American workers. 
The enzymes in these procedures are dissolved in suitable solvents and 
concentrated by “salting out/' by precipitation with various reagents, 
or by electrophoretic methods. Changes in hydrogen-ion concentration 
and temperature, dialysis, and other measures are also often employed 
either to rid the medium of impurities or to concentrate or crystallize 
the enzyme. Frequently a combination of several of these techniques 
is employed. 

When an enzyme is present in a secretion, such as milk or saliva, it is 
often possible to collect the secretion and use it directly in enzyme 
studies. However, if the enzyme to be isolated is present within the 
animal or plant tissues or inside bacterial cells, it must first be liber¬ 
ated. This procedure may be accomplished by one or more of the fol¬ 
lowing means; (1) physical methods, such as chopping, grinding with 
sand or broken glass, alternate freezing or thawing, crushing in a press, 
or wet-crushing in a specially designed mill for microorganisms [Booth 
and Green (1938)]; (2) preliminary weakening of the cell wall by extrac¬ 
tion of lipides or other components; (3) simple extraction of the enzyme 
with a suitable solvent; (4) autolysisand (5) the action of enz 5 niies 
(other than autolytic) upon the cell wall. Once the enzyme has been 
liberated, the processes of isolation and purification may be started im¬ 
mediately, or the material may first be dried and stored. Dr 3 ring and 
storing are often used with microorganisms because of the necessity 
to collect considerable cellular material, and in the drying process a 
portion of the protein present is denatured and can be discarded. On 
the other hand, the drying may have a deleterious effect upon the en¬ 
zyme, especially if it is carried out in the air. 

GENERAL PROPERTIES OF ENZYMES 

Enzymes either are colloids or are so closely associated with colloids 
that they have not been isolated in a noncolloidal state. Therefore 
their physical and chemical properties are those of colloids. In general, 
enzyme solutions exhibit the Tyndall effect; they may be precipitated 
by various colloidal reagents; they are changed, injured, or denatured 
by heat; they may act as protective colloids; and they dialyze very 
slowly or not at all. This property of not dialyzing readily is employed 
in the purification of certain enzymes, since it permits the removal of 
inorganic salts and organic compounds of low molecular weight. 
Sometimes, however, this procedure inactivates the enzyme by remov¬ 
ing an essential activator (inorganic) fraction or a coenzyme; in other 
cases dialysis must be employed sparingly because certain enzymes 
are comparatively small and pass through a parchment membrane. 
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An interesting (and physiologically important) property of enzymes 
is the reversibility of their reactions. This property has long been 
known for certain esterases and has been assumed to be applicable, 
theoretically at least, to all enzymatic reactions. However, it often 
cannot be demonstrated, as, for example, in those reactions in which 
intramolecular rearrangements take place together with the primary 
reaction. Some 20 years ago Falk (1924) listed the following enzymes 
as having been found definitely to accelerate synthetic changes: lipase, 
emulsin, trypsin, pepsin, kephirlactase, maltase, and oxynitrilase. 
Since that time considerable progress has been made in this field [see 
Sumner and Somers (1943)]. 

Although little or nothing is known about the chemical constitution 
of the microbial enzymes, several enzymes from other sources have been 
concentrated by various methods and obtained in crystalline form, and 
their composition has been analyzed by definite chemical methods. 
Some of the physical and chemical properties of several crystalline 
enzymes are given in Table 1. Thus far all these enzymes have been 
demonstrated to be proteins. 

TABLE 1 

Certain Properties op a Few Crystalline Enzymes * 

[From Sumner (1935), Northrop (1939), Kunitz (1940), and others] 

Yellow 





Carboxy- 

Oxidation 

Ribo- 


Pepsin 

Trypsin 

peptidase 

Enzyme 

nuclease 

Form of Crystals Hexahedral 

Short 

Long 

Short 

Long plates 



prisms 

prisms 

cubical 

or fine 





prisms 

needles 

’Carbon 

51.61 

50.0 

52.6 

51.5 

48.2 

Hydrogen 

6.86 

7.1 

7.2 

7.37 

6.2 

Elementa^ SdS 

14.63 

0.0 

15.0 

2.85 

14.4 

15.9 

16.1 

composition 

0.42 

1.1 

0.47 


3.6 

Phosphorus 

0.09 

0.0 

0.0 

0.043 


l*Ash 

1.78 

1.0 

0.68 


0.1 

Amino N as per cent of 






total N 

5.26 

9.3 

.... 


6.95 

Diffusion coefficient, 






cm.*/day 

0.047 

0.023 

.... 

.... 

0.092 

Approximate particle 






weight 

37,000 

36,500 

.... 

70-75,000 

15,000=b 

Isoelectric point (pH) 

2.75 

7-8 

.... 

5.2 

8.0 

Optimum activity (pH), 






experimental 

2.75-5.0 

8-9 

.... 

5-6 

.... 


** Analytical data are also available for tr 3 rp 8 inogen, chymotr 3 rpsin, chymO" 
trypsinogen, urease, pepsinogen, papain, and lipase. 
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Two separate schools of thought exist concerning the chemical 
nature of enzymes. Both are probably correct if certain minor modi* 
fications are accepted. The carrier or ‘^Trager’' theory of the Will- 
statter group may be expressed as follows: 

Enzymes contain a special reactive group which either combines with, or 
possesses some particular affinity for, definite groupings in the substrate, thus 
accounting for the specificity of enzyme behavior. This special reactive group 
is attached to a colloidal carrier, and enzyme action is determined in part by 
the affinity of the active groups for the substrate and in part by the colloidality 
of the entire aggregate. When the colloidal properties of the aggregate are 
destroyed, then the activity of the enzyme disappears. 

The opposing viewpoint or theory has been advanced principally 
by American workers, who believe that enzymes are specific and defi¬ 
nite chemical compounds, probably all proteins, and that the arrange¬ 
ment of the groupings in the protein molecule not only is responsible 
for the enzyme activity but likewise determines enzyme specificity. 
The Trager theory was adopted by Willstatter in 1922 before there was 
any definite evidence as to the type of compound which might con¬ 
stitute the prosthetic group. More recently it has been shown by sev¬ 
eral workers that the prosthetic group in cytochrome c, catalase, and 
peroxidase is an iron-porphyrin residue, but in each instance the 
porphyrin residue is associated with a specific protein. Therefore the 
characteristics of the enzyme and its specificity are determined not by 
the prosthetic group alone but likewise by the specific protein with 
which it is associated. For example, in catalase the iron-porphyrin 
residue (hematin) will feebly decompose H 2 O 2 by itself, but, when asso¬ 
ciated with the specific protein which accompanies it in the enzyme 
catalase, the combination is approximately ten million times more 
active in decomposing H 2 O 2 than is the porphyrin residue alone. 
Another interesting example is the yellow oxidation enzjrme of War¬ 
burg and Christian. In this enzyme the prosthetic group is a riboflavin- 
phosphoric acid ester which is, associated with a specific protein. 
Neither the prosthetic groups nor the specific protein passesses enzy¬ 
matic activity alone. However, when the two components are com¬ 
bined in the proper proportions, they exhibit such activity. 

Sumner (1933) has raised the question of whether enzymatic be¬ 
havior should be attributed to a part of the enzyme or whether the 
whole complex should be taken into consideration, and furthermore 
whether one part of an enzyme can be considered more important than 
another. If the catalase activity of hematin increases ten million times 
by association with its colloidal carrier (protein), then it must be as¬ 
sumed that the colloidal carrier is almost as important as the pros- 
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thetic group. In certain enzymes, such as pepsin, trypsin, and urease, 
no specific prosthetic group has yet been discovered. However, North¬ 
rop and others are of the opinion that the enzymatic activity in such 
cases is due to a particular arrangement of the amino acids in the 
molecule. If this theory is correct, it will probably be difficult to 
determine the exact nature of the specific groupings responsible for 
their activity, although a true prosthetic group is not yet entirely ruled 
out. Therefore, at present suflicient evidence is available to demon¬ 
strate that the Trager theory of Willstatter, with minor modifications, 
accounts for the enzymatic behavior of certain enzymes. Those en¬ 
zymes which do not now fit into this group may actually belong here, 
or they may be specific proteins. In catalase, peroxidase, the yellow 
oxidation enzyme, and others the prosthetic group-protein linkages are 
of the nature of either salts or adsorption affinities. Such linkages can 
be broken by relatively simple physical techniques. On the other hand, 
in certain other enzymes such linkages may exist as carbon-to-carbon 
or carbon-to-nitrogen bonds, and the breaking of such bonds would 
require such drastic treatment that the protein would be destroyed. 

ENZYME SPECIFICITY, MECHANISM, AND KINETICS 

As a general rule, enzymes are specific to a high degree; that is, a 
given enzyme will attack only certain compounds or groups of com¬ 
pounds. Since this attack is apparently always directed to a definite 
type of linkage in the substrate molecule, there are several exceptions 
to the general rule of specificity. However, it may be stated definitely 
that certain broad boundaries are never crossed. For example, lipases 
do not split proteins or carbohydrates, carbohydrases are unable to 
saponify fats or attack proteins, and proteases exhibit no activity in 
the presence of true carbohydrates or lipides. There are also many 
examples of very specific activity. Urease apparently acts only on 
urea, dipeptidases attack dipeptides but not tripeptides or polypep¬ 
tides, and polypeptidases will split 'tripeptides and polypeptides but 
are unable to hydrolyze dipeptides. In this respect some of the 
ire very interesting. Tyrosinase acts on tyrosine, 

•CHNH 2 COOH, on p-cresol, HO-<^^ 

OH OH 

and on catechol, ^ —OH, but not on guaiacol, CH 3 O 

Laccase, on the other hand, attacks catechol and guaiacol, but not 
tyrosine or p-cresoL 



oxidizi ng enz ymes i 
HO—^Ha 
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Several theories have been proposed to explain the mechanism of 
enzyme action. Most of these theories have postulated a union of the 
enzyme and the substrate to form an intermediate product which then 
breaks down, producing the decomposition products and the regener¬ 
ated enzyme: 

(a) Substrate + Eiusyme Substrate-ens3rme intermediate compound. 

(b) Substrate-ens3rme intermediate compound Decomposition products + Enayme. 

Definite proof of the existence of an intermediate compound is avail¬ 
able for certain enzyme reactions, such as those between catalase and 
monoethyl hydrogen peroxide [Stem (1936)] and cytochrome c peroxi¬ 
dase and hydrogen peroxide [Abrams, Altschul, and Hogness (1942)]. 
It seems probable that similar enzyme-substrate combinations exist 
in other enzyme reactions, but definite proof is lacking, because methods 
for identifying intermediates are not available and sometimes the 
intermediate exists for only a short period of time. 

A great deal has been w ritten about the kinetics of enzyme reactions. 
Often it has been observed that enzymatic reactions partly or wholly 
obey the law of mass action and the other physicochemical laws of 
true solutions. How^ever, our knowledge of the stability, rates of 
diffusion, and energies of colloidal systems is in most instances too in¬ 
adequate to draw final conclusions and to fit colloidal behavior com¬ 
pletely into the scheme of the classical physicochemical systems. There¬ 
fore it is not surprising that many workers have found that enzymatic 
reactions deviate somew hat from the theoretical values as calculated by 
the monomolecular reaction equation. Since several books [Wald- 
schmidt-Leitz and Walton (1929), Tauber (1937), Elvehjem, Wilson, 
et al. (1939), and Sumner and Somers (1943)] are available in which this 
subject is treated in some detail, no further discussion will be given 
here. 

ACTION OF PHYSICAL AND CHEMICAL AGENTS ON 
ENZYMES AND ENZYME ACTIVITY 

Since enzymes either are colloids or are closely associated wdth them, 
it can be assumed that their activities are influenced by many of the 
physical and chemical agents which alter colloids. The action of 
certain of these agents on enzymes has already been discussed in Chap¬ 
ters 3 and 4 on the effects of physical and chemical agents on bacteria, 
and more complete details will be foimd in books dealing specifically 
with enzymes. Therefore only a brief discussion will be given here. 

Efifect of Radiations. It is generally agreed that visible light 
rays have little effect on most enzymes. On the other hand, ultraviolet 
light. X-rays, and other electromagnetic radiations may show an ior 
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hibitory action or sometimes may even denature the protein component 
of enzymes. 

Effect of Desiccation, Pressure, and Agitation. Certain en¬ 
zymes lose their activity while being dried, but most enz)anes are fairly 
stable if they are desiccated by special techniques. Mechanical pres¬ 
sures ranging between 5,000 and 6,000 kg. per sq. cm. will inactivate 
enzjrmes such as pepsin and rennin (see Chapter 3). Little research has 
been done on the effect of agitation on enzymes, but it has been 
reported that rennin is very sensitive to shaking and that violent 
agitation may destroy the activity of other enzymes. 

Effect of Temperature. The minimum, optimum, and maximum 
temperatures for activity have been determined for many enzymes. 
Most animal enzymes have an optimum around 40®C., but the opti¬ 
mum for plant enzymes is usually somewhat higher, and one extreme 
has been reported of a plant rennin exhibiting optimum activity at 
a temperature of 80® to 85®C. The enzymes elaborated by psychro- 
philic, mesophilic, and thermophilic bacteria must have an optimum 
somewhere near the optimum growth temperature for these groups of 
bacteria. It should be emphasized in all these cases, however, that 
there can be no optimum temperature for enzyme activity which does 
not take time into consideration. 

In general, most enzyme solutions are quickly inactivated by heating 
above 60® to 80®C., although there are several exceptions such as 
trypsin preparations, which may be heated to boiling for a short time 
without much loss of activity, providing the solution has an acid re¬ 
action. Further exception to the general rule must exist in the case of 
thermophilic microorganisms that have an optimum growth tempera¬ 
ture at or above 70®C. Many dry enzyme preparations can stand 
temperatures of 100® to 120®C. before their activity is destroyed. 

The velocity of enzymatic reactions is accelerated as the temperature 
is increased to the optimum, above which there is a decrease in velocity 
until the temperature destroys all enzyme activity. Many experiments 
have been carried out on the effect of temperature on enzyme activity. 
Usually the effect has been analyzed on the assumption that enzymatic 
reactions follow simple physicochemical laws; that is, monomolecular 
chemical reactions. When such data are analyzed and the tempera¬ 
ture coefficients calculated (see Chapter 4 for equations), it is usually 
found that the values (Qio) are not 2 to 3, as they generally are when 
reactions are catalyzed by inorganic catalysts, but are somewhat 

lower. This fact is shown in Table 2, where coefficients 

of several enzyme reactions are tabulated. 
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TABLE 2 

Temperature Coefficients (Qio) for Several Enzyme Reactions 


Tempera¬ 
ture, l^nge, 


Enzyme 
Liver lipase 

Pancreatic lipase 
Malt amylase 

Clostridium acetohu- 
tylicum amylase 


Clostridium perfrinr 
gens mucinase 

Yeast sucrose 

Yeast maltase 

Bacterial succinic 
oxidase 


Substrate 
Ethyl butyrate 

Ethyl butyrate 
Starch 

0 .1% starch 

.1.0% starch 

Mucin 

Sucrose 

Maltose 

Succinate 


°c. 

Qio 

0-10 

1.72- 

10-20 

1.36 

20-30 

1.10 

0-10 

1.50 

10-20 

1.34 

20-30 

1.26. 

20-30 

1.96 

30-40 

1.65 

10-20 

1.42‘ 

20-30 

1.45 

30-40 

1.44 

35-45 

1.46 

‘10-20 

2.14 

20-30 

1.74 

30-40 

1.35 

35-45 

1.25 

’ 0-10 

1.70’ 

10-20 

1.80 

20-30 

1.70 

30-40 

1.80 

40-50 

1.8 

2fi-35 

1.61 

10-20 

1.90 

20-30 

1.44 

30-40 

1.28 

30-40 

2.0 

40^ 

2.1 

50-60 

2.1 

2fi-35 

2.23 


Lactic dehydrogenase 

(from gonococci) Lactate 


Reference 


Kastle and Loevenhart 
(1900) 


Liiers and Wasmund 
(1922) 


Johnston and Wynne 
(1935) 


Robertson, Ropes, and 
Bauer (1940) 


Nelson and Bloomfield 
(1924) 

Lintner and Krdber 
(1895) 

Quastel and Whetham 
(1924) 


Barron and Hastings 
(1933) 


Effect of Reaction (pH). Since enzymes appear to have the prop¬ 
erties of lyophilic colloids, it might be expected that their activity 
would be influenced by the pH of the dispersion medium. In general 
this assumption is true. All enzyme preparations have an optimum 
pH, at which they exhibit their greatest activity. This optimum, 
however, may vary considerably for different enzymes and is influenced 
by such factors as the type of substrate, the source of the enzyme ma¬ 
terial, the time, the temperature, and the buffer substances present. 
A few optimum values for several different enzymes are given in 
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Table 3. Since there can be no such thing as optimum hydrogen-ion 
concentration independent of time, pH-activity curves are frequently 
plotted for enzymes. Two examples are given in Figs. 1 and 2 to illus¬ 
trate this point. 



Fig. 1. pH Optima for Hydrolysis of Leucyldiglycine by Bacillus subtilis 
(I, Acetone-Precipitated Enzyme Solution, after 1-hr. incubation) and by Clostrid-- 
turn sporogenes (II, after 1-hr. incubation; III, after 4-hr. incubation, at 40° C.). 

(From Berger, Johnson, and Peterson, 1938.) 

Effect of Miscellaneous Chemical Compounds, Since enzymes are 
protein in nature, they are affected by many of the so-called protein 
reagents, such as heavy metals (copper, silver, mercury, lead) and 



Fig. 2. pH Optima for Leuconoatoc mesenteroidea against Three Tripeptides. 
(Incubation for 1 hr. at 40° C. Roman numerals refer to different enzyme prepara¬ 
tions.) (From Berger, Johnson, and Peterson, 1938.) 
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TABLE 3 


Variation of the Optimum pH for Enzyme Activity with the Source op 
THE Enzyme Material, the Type op Substrate, and the Buffer 


Ensyme 

Source 

Optimum pH 


r Aapergillua oryzae 

6.3-5.5 

Amylase (diastase) | 

Pancreas 

6.8 


iMalt 

4.4-5.2 

Dextrinase 

A. oryzae 

4.0 


'’Almond 

4.2 


Yeast 

7.0 

Lactase 

Eacherichia colt 

7.0-7.5 


E. cali-rntUahile 

7.0-7.5 


r Yeast 

6.7-7.2 

Maltase 

1 

A. oryzae 

4.0 


r Yeast, fresh 

4.4-5.2 

Sucrase (invertase) 

1 

Aapergillua niger 

2.5-3.5 

Carboxylase 

Yeast and Fuaaria 

6.2-6.4 

1-Lysine decarboxylase 

Bacterium cadaverxa 

6.0 

Aspartase 

E. coli 

7.1 

Aspartase 11 

E. coli 

7.0-8.0 

1-Amino acid oxidase 

Proteua vulgaria, etc. 

6.8 

Urease 

Urobactena 

7.9-8.0 

Urease, crystalline 

Jack bean 


Acetate buffer 


6.4 

Citrate buffer 


0.5 

Phosphate buffer 

Peptidases * 


6.9 

Substrate 



Leucylglycine 

Paeudomonaa aeruginoaa 

8.4 


(filtrate) 


Leucyldiglycine 

Pa. aeruginoaa (filtrate) 

8.4 

Diglycine 

Paeudomonaa Jluoreacena 

8.4 

Leucylglycine 

Pa. Jluoreacena 

8.4 

Leucyldiglycine 

Pa. Jluoreacena 

8.4 

Leucylglycine 

Caaeicoccua, Gorini 

4.8, 7.0 

Leucyldiglycine 

Oaatrococcua, Gonni 

4.8 

Bensoyldi^cine 

Staphylococcua aureua 

8.0 

Leucyldiglycine j 

1 Staphylococcua aureua 
: EbertheUa typhoaa 

8.0 

8.0 

Chloroacetyl- 

phenylalanine 

S. aureua 

E. typhoaa 
.Bacillua aubtilia 

7.0 

7.0 

7.0 


Aerobacter aerogenea 

5.6, 5.6, 6.21 


B. aubtxha (Marburg) 

10.7, 6.6, 6.6 


B. aubtilia (Michigan) 

6.5, 6.0, 6.2 


Alcaligenea fecalia 

8.7, 8.5, 7.6 

Phosphatases 

Cloatridium acetobulylicum 

6.1, 6.0, 7.0 

1 Propionibacterium jenaenii 7.0, 6.0, 7.0 


Saccharomycea cereviaiae 

4.0, 6.5, .. 


Mammalian tissues 

8.9, 8.9, .. 


Erythrocytes 

6.0, 6.6, .. 


Soya bean 

6.3, .. .. 


Reference 

Caldwell and Tyler (1931) 
(Sherman et cU.) Tauber 
(1937) 

Maslow and Davison 
(1926) 

(Willstatter et al.) 

Tauber (1937) 
Knopfmacher and Salle 
(1941) 

Deere, Dulaney, and 
Michelson (1939) 
(Waistfi-tter et al.) 

Tauber (1937) 

(von Euler) Waksman 
and Davison (1926) 
(von Euler etal.) Waksman 
and Davison (1926) 
(Kanits) Waksman and 
Davison (1926) 

Tytell and Gould (1941) 
Gale and Epps (1943) 
Virtanen and Tarnanen 
(1932) 

Gale (1938) 

Stumpf and Green (1944) 
Mischoustin (1932) 


Howell and Sumner 
(1934) 


'Gorbach (1930) 

Gorbach and Pirch 
(1936) 

} Gorbach (1937) 
limaisumi (1938) 


Pett and Wynne (1938) 


* For other values see papers I and II by Berger, Johnson, and Peterson (1938). 
t Glycerophosphate, hezose phosphate, and pyrophosphate, respectively. 


alkaloid reagents. The effect of such compounds is usually considered 
to be nonspecificj since almost all enzyme reactions under the influence 
of these reagents are inhibited. Furthermore, the inhibition produced 
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by these substances is usually irreversible. In addition to the protein 
reagents there are a large number of chemicals which appear to exhibit 
a selective inhibition for certain enzyme reactions. Such inhibition is 
more or less specific and is often reversible. Compounds such as the 
fluorides and cyanides, iodoacetate, carbon monoxide, p-aminophenol, 
and urethane are only a few of the chemicals which belong to the group 
of specific or selective inhibitors. For complete details on this subject 
Chapter VII by Cohen (1939) in Respiratory Enzymes by Elvehjem, 
Wilson, et al. should be consulted. 

Some common solvents, as water, dilute alcohol, glycerol, and dilute 
acids and alkalies, are employed in the preparation of certain enzyme 
solutions. However, many enzymes can be precipitated from such 
solutions by strong alcohol or acetone and by various concentrations of 
ammonium sulfate and other salts. In general, strong oxidizing agents 
are veiy injurious to enzymes. 

In many enzyme systems the presence or absence of neutral elec- 
troljrtes has a profound effect on the reaction. For example, certain 
enzymes are practically inactive in the absence of neutral electrolytes, 
and others require the presence of specific ions before they attack their 
substrate. 


ACTIVATORS AND COENZYMES 


For many years the terms activator and coenzyme were used very 
loosely to describe any substance which accelerated enzyme processes. 
No sharp distinction was made between the two terms. However, as 
now generally used, activator is reserved for those nonspecific substances 
which merely accelerate enzymic processes, whereas coenzyme refers to 
those organic substances which are absolutely essential in order for the 
enzyme to manifest itself at all. The new coenzyme concept visualizes 
the coenzyme as the prosthetic group of the enzyme; what was formerly 
considered to be the enzyme proper is now generally recognized as a 
part of the enzyme, namely, as the bearer protein. 

However, the terminology employed by various investigators to 
designate the complete enzyme, the protein portion, and the coenzyme 
has not been standardized, and the following synonymous terms will 
be found in the literature: 


Enzyme 
Holoenz 3 ane 
Symplex 
Ferment protein 


Protein Fraction 
Apoenzyme 
Trager 
Protein 
Pheron 


Coenzyme 
Coenzyme 
Active group 
Prosthetic group 
Agon 
Cozymase 
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Activators are heat-stable dialyzable substances of relatively low 
molecular weight. Usually only trace amoimts are necessary to acti¬ 
vate a system. Often they may be replaced by other substances and, 
therefore, are relatively nonspecific. A few examples may be cited to 
make this point clear: (1) Hydrochloric acid, the activator which con¬ 
verts pepsinogen into active pepsin, may be replaced by other inor¬ 
ganic and organic acids, for the hydrogen-ion concentration is the acti¬ 
vating factor; (2) sodium chloride, the activator of pancreatic amylase, 
may be replaced by any of a large number of salts; the chlorides, how¬ 
ever, activate best; sulfates are inert; (3) certain cations, such as cal¬ 
cium, magnesium, and manganese, accelerate the activity of other 
enzymes; and (4) hydrocyanic acid or hydrogen sulfide must activate 
the proteolytic enzyme, papain, before it can attack peptones, although 
more complex proteins are supposedly hydrolyzed by papain when 
these activators are absent. 

Coenzymes may be defined as fairly thermostable, dialyzable organic 
compounds which are relatively specific in nature and are indispensable 
components of one or more enzymes. In a number of cases the coen¬ 
zymes can be separated from their ^‘carrier^' proteins by silnple physical 
means. When this is possible, the union between the two components 

TABLE 4 

The Relationship between Certain Coenzymes, Their Protein Bearers, 
AND THE Entire Enzyme 

[From Oppenheimer and Stern (1939), Sumner and Somers (1943)] 

Protdn Bearer 
(Apoeniyme, 

Trager, or Enzyme 

Pheron) (Holoenzyme or Symplez) Action 

+ Protein A » Alcohol dehydrogenase Oxidation of their respective 

+ Protan B » Lactic acid dehydrogenase substrates 

+ Protein C « Malic acid dehydrogenase 
+ Protein D Triosephosphate dehydrogenase 

2. Triphosphopyridine nucleotide + Protdn E Hexose phosphate dehydrogenase Oxidation of their respective 

(oodehydrogenase II, etc.) + Protein F Glucose dehydrogenase substrates 

+ Ptotein Q Glutamic acid dehydrogenase 

3. Cocarboxylase + Protein H * Carboxylase Decarboxylation of pyruvic 

add 

4. Isoalloxazine-adenine nucleo- + Protein I - <f-Amino acid oxidase Oxidation of d-alanine, etc. 

tides + Protein J « Xanthine oxidase Oxidation of xanthine, etc. 

5. AdenyUc add + Protein K » Iliosphorylase Formation of glycogen or 

starch from Con ester; in¬ 
volved in sucrose synthe¬ 
sis. 

0. Glutathione + Protein L ■■ Qlyozalaee Conversion of methylglyoxal 

to lactic add 


Coensyme 

(Agon or Prosthetic or 
Active Group) 

1. Diphosphopyridine nucleotide 
(cosymase, coenzyme I, 
codehydrogenase I, etc.) 
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must not be very firm. On the other hand, certain enzymes either 
contain no prosthetic group in the form of a coenzyme or else the bond 
between the protein carrier and the coenzyme is so strong that it can¬ 
not be broken except by such drastic treatment that the protein com¬ 
ponent is also destroyed. 

In the last few years remarkable progress has been made in the study 
of the coenzymes [see extensive reviews by Baumann and Stare (1939), 
Oppenheimer and Stem (1939), Green (1940), and Parnas (1943)]. 
The best-known coenzymes of these will now be briefly mentioned. 
They include the pyridine nucleotides, cocarboxylase, the alloxazine 
systems (the adenine-flavin-dinucleotides and flavin nucleotides), the 
adenosine triphosphate-adenosine monophosphate (adenylic acid) sys¬ 
tem, and miscellaneous coenzymes. Table 4 from Oppenheimer and 
Stern (1939) and Sumner and Somers (1943) shows certain interesting 
facts about some of the coenzymes, their protein carriers, and the com¬ 
plete enz 5 rmes. The data are self-explanatory. 

THE PYRIDINE COENZYMES 

As shown in Table 4, two known coenz 5 nmcs belong to the pyridine 
group. Many names have been assigned to these two coenzymcs, but, 
since their chemical composition is known, Baumann and Stare (1939) 
have suggested that they be called by their proper chemical names, 
that is, diphosphopyridine nucleotide (abbreviation DPN) and tri- 
phosphopyridine nucleotide (TPN). 

Diphosphopyridine nucleotide was first isolated from yeast by 
Harden and Young in 1904-1906, and later the name cozymase was 
assigned to this crystalloidal, thermostable substance whose presence 
is essential to the process of fermentation. According to Myrback 
(1933), yeast is still one of the best natural sources for the coenzyme, 
although fairly high concentrations have also been demonstrated in 
other microorganisms, such as Lactobacillus helveticus [von Euler and 
Nilsson (1926)] and Streptococcus lactis [Myrback and von Euler (1924)]. 
On the other hand, such organisms as Penicillium glaucum [Myrback 
and von Euler (1924)] and Aerobacter aerogenes [von Euler and Myrback 
(1929)] yield little DPN. Diphosphopyridine nucleotide has likewise 
been demonstrated in a great many animal and plant tissues. Bau¬ 
mann and Stare (1939) and Oppenheimer and Stem (1939) mention 
that it is present in large amounts in muscle, liver, red blood cells, and 
retina; less has been found in blood serum, bone marrow, connective 
tissue, mushrooms, and seeds and root tips of certain higher plants. 

Triphosphopyridine nucleotide was first isolated from red blood cells 
by Warburg and Christian (1931) and has since been isolated by them 
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(1935, 1936) from other cells, including yeast. As a matter of fact, 
they claim or believe that TPN is a “ubiquitous cell constituent.’’ 

The pyridine nucleotides (DPN and TPN) have a molecular weight 
of about 700, dissolve in water, pass readily through membranes, and 
remain fairly stable up to 80°C. They are insoluble in fat solvents and 
can be precipitated by them, as well as by phosphotungstic acid and 
tannic acid. Both coenzymes form salts with barium, lead, mercury, 
silver, and zinc, many of these salts being insoluble in water or dilute 
alcohol. The two nucleotides can be separated by virtue of the unequal 
solubility of their barium salts in dilute alcohol and by differential ad¬ 
sorption in an AI 2 O 3 column, where DPN is less strongly adsorbed 
than is TPN. The chemical structure for each of these nucleotides, 
as suggested by von Euler and Schlenk (1937), may be written as 
follows: 

Diphosphopyiidine Nucleotide „ 



Triphosphopyridine Nucleotide H 



On reduction the nicotinic acid amide residue supposedly undergoes 
the following change: 

/\cONH2 (f^CONH2 

•“-a,. 


V 

I 


R 
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The chemical structure and hydrolytic products of the pyridine 
nucleotides have been studied in some detail by Warburg and Christian 
(1936), von Euler and Schlenk (1937), Schlenk (1942), and others. 
On hydrolysis DPN yields the following products, as might be assumed 
from the preceding formula: 

1 mol. nicotinic acid amide + 1 mol. adenine + 2 mols. pentose + 2 

mols. phosphoric acid; 

and triphosphopyridine nucleotide (TPN): 

1 mol. nicotinic acid amide + 1 mol. adenine + 2 mols. pentose + 3 
mols. phosphoric acid. 

In 1942 Schlenk proved that the pentose in DPN was df-ribose. 
Also he believes that one of the phosphoric acid groups in TPN may 
be attached to the adenylic portion of the molecule, thus: 

O- OH 

Nicotinic^ acid amide-Pentose—P—O—P—Pentose-Adenine, 

II II I 

O O H2PO3 

rather than as indicated in the older formula. 

DPN has been converted into TPN by chemicals (POCI 3 ), enzymes, 
and microorganisms [Lwoff and Lwoff (1937)], but, because of the 
apparent specificity of each nucleotide, this conversion is thought to 
be uncommon. The reactive part of both molecules (DPN, TPN) is 
the nicotinic acid amide residue, which readily and reversibly takes on 
hydrogen. The nucleotides are easily reduced to the dihydrides by 
sodium hydrosulfite but are readily reoxidized by shaking with methyl¬ 
ene blue or with the yellow enzyme in the presence of air. 

A great deal of work has been done by many investigators on the 
mode of action or the function of the pyridine coenzymes in cellular 
respiration. Briefly, we can say that, when they are combined with a 
specific protein to form a coenzyme-dehydrogenating enzyme system, 
their function is to aid in the transportation of hydrogen (or electrons) 
from a specific substrate, activated by the dehydrogenase, to some 
other hydrogen acceptor and eventually to oxygen. The following 
scheme has been postulated as one example of the general phenomenon 
of hydrogen transport: 

Substrate + Coensyme + HjO —♦ Oxidised substrate + Reduced coenz 3 rme 
t (TPN) 

Dehydrogenase 

Reduced coensyme + Flavoprotein —> Coensyme + Reduced flavoprotein 
(Yellow ensyme) 

Reduced flavoprotein Hr O 2 Flavoprotein + HaOj 
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The over-all reaction being: 

Substrate + 02 + H 2 O Oxidized substrate + H 2 O 2 

The first reaction takes place when the substrate and specific dehy¬ 
drogenase come in contact. The substrate loses two atoms of hydrogen 
and becomes oxidized, whereas the coenz 3 rme portion of the dehydro¬ 
genase gains two hydrogens and becomes reduced. Specifically, the 
hydrogen is accepted by the pyridine ring (nicotinic acid amide) residue 
of the coenzyme molecule. In the second reaction the hydrogen, origi¬ 
nally coming from the substrate but in combination with the coenzyme 
portion of the specific enzyme system, is transferred to the yellow 
enzyme or some other related flavoprotein. In this case the hydrogen 
apparently unites with the alloxazine ring, or the flavin portion, of the 
yellow enzyme. The pyridinoprotein enzyme then returns to its 
original state and becomes available to react with more substrate. 
The third reaction consists of a similar hydrogen transfer, the H 2 
uniting with molecular O 2 to form H 2 O 2 and thus freeing the flavo¬ 
protein. Both the pyridinoprotein and flavoprotein may be reduced 
and regenerated many times without being used up. 

Although the foregoing scheme gives us some idea of the role played 
by the coenzyme in enzymatic processes, the reactions which take 
place within the living cell are imdoubtedly more complex than this 
simple analysis indicates. Many substrates are broken down in the 
living bacterial cell, each probably requiring a specific dehydrogenase. 
Also many other enzymes and compounds other than flavoprotein 
may function in transporting hydrogen from reduced DPN to molecular 
oxygen; this is especially true of the cytochromes. Most enzyme 
systems are quite specific in their requirements for pyridine nucleo¬ 
tides (coenzymes); thus they may require either DPN or TPN, but 
one coenzyme usually cannot replace the other in such enzyme systems. 
However, there are exceptions to this general rule. Both pyridine 
coenzymes undergo the same general type of reduction and oxidation, 
and each is capable of reacting with several substrates, since they are 
a common component of several specific dehydrogenases. 

In addition to its ability to serve as a hydrogen carrier, the diphos- 
phopyridine nucleotide residue of an enzyme may also function in the 
transfer of phosphate. In this respect it resembles adenylic acid, 
which will be discussed shortly. This property is not surprising, be¬ 
cause one-half of the DPN molecule is adenylic acid. It is interesting 
to note that the transfer of phosphate by means of such coenzymes is 
remarkably sensitive to inorganic ions. Sodium ions inhibit the transfer 
of phosphate by either DPN or adenylic acid, but particularly by DPN. 
[Ohlmeyer and Ochoa (1938)]. This inhibition by sodium ions can be 
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counteracted by the addition of manganese, and, if the reaction is 
carried out in solutions of potassium or ammonium salts rather than 
sodium salts, the transfer of phosphate will take place even in the 
absence of manganese. The exact role played by these various ions 
is still vague, and the mechanism by which DPN transports phosphate 
is not well understood. 

The diphosphopyridinoprotein and triphosphopyridinoprotein en¬ 
zymes play very important roles in many biological oxidation processes. 
Since this subject is clearly discussed by Green (1940) and Sumner and 
Somers (1943), only a few examples will be briefly mentioned here. 

The diphosphopyridine niLcleotide is essential for certain specific 
enzymes to catalyze the oxidation of: 

1. Ethyl alcohol to aldehyde. 

2 . /3-Hydroxybutyrate to acetoacetate. 

3. Z(+)-Lactate to pyruvate or i(*-~)-malate to oxaloacetate. 

Lactate + DPN Pyruvate + Reduced DPN 
Malate + DPN ^ Oxaloacetate + Reduced DPN 

4. Glucose to gluconic acid. 

5. i(+)-Glutamic acid to a-ketoglutaric acid and NH 3 . Apparently 
the first oxidation product in this case is the imino acid, which then 
spontaneously hydrolyzes into a-ketoglutaric acid and NH 3 : 

Enzyme 

COOHCH 2 CH 2 CHNH 2 COOH + DPN 77T~» 

COOHCHz-CHz -CiNHCOOH + Reduced DPN 

coohch2 CH2 C:NHCOOH + H 2 O 

COOHCH 2 CH 2 COCOOH + NHa 

This reaction is reversible. This fact means that ketoglutaric acid 
can be reductively aminated to form glutamic acid and suggests that 
the following equilibrium exists: 

C00HCH2 CH 2 C:NHC00H 

COOHCH 2 CH 2 COCOOH + NHa 

It is possible that this type of reaction accounts for the synthesis of 
some of the amino acids in the cell. 

6 . Hmcose to lactic acid in animal tissues and to alcohol and CO 2 in 
yeast; as well as some of the intermediate products in the glycolysis and 
fermentation of hexose by various organisms. For example, the oxida¬ 
tion of 3 -phosphoglyceraldehyde to 3-phosphoglyceric acid by the tri- 
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osephosphoric enzyme requires DPN. The formic enzyme which 
catalyzes the oxidation of formate to CO 2 and H 2 O also requires this 
coenzyme. 

7. The diphosphopyridine nucleotide also catalyzes certain dismvior 
tionSy mutasesy and isomerases. For example, a mutase is defined as 
“an enzyme or enzyme system which catalyzes the oxidation of one 
molecule of its substrate at the expense of the reduction of another 
molecule.” Thus the enzyme discovered by Parnas in mammalian 
liver produces the following dismutation of aldehyde: 

Aldehyde + DPN —» Acetate + Reduced DPN 

Reduced DPN + Aldehyde —> Alcohol + DPN 

One molecule of aldehyde is oxidized to acetate, and simultaneously 
another is reduced to ethyl alcohol. 

A number of isomerases from muscle tissue, yeast, and bacteria have 
been studied by Meyerhof, Lohmann, and their associates and by 
Utter and Werkman (1941). All these enzymes apparently require 

DPN before they can catalyze the reaction. For example, Meyerhof 

has presented evidence for the existence of two isomerases which 
catalyze the following successive rearrangements of 3-phosphoglyc- 

COOH COOH COOH 

I I I 

HCOH IICOPO3H2 COPO3H2 

I I II 

H2COPO3H2 H2COH H2C 

3>Pho8phoglyceric acid 2-Pho8phoglyceric acid Phosphopyruvic acid 

Other interesting data on yeast isomerase are mentioned in the discus¬ 
sion of alcoholic fermentation, pp. 915 to 919, and the paper by Utter 
and Werkman (1941) should be consulted for information on isomerase 
in bacteria. 

Triphosphopyridine nucleotide Ls essential for certain enzyme systems, 
but less is known about the role of TPN systems in cellular respiration 
than about the DPN systems. Three important examples may be 
cited, but with the probable exception of (2), they have not been re¬ 
versed experimentally; that is, reduced TPN does not react with the 
oxidized substrate. 

1. Hexosemonophosphoric enzyme. In 1931-1932 Warbimg and 
Christian reported that they had isolated an enzyme from yeast and 
red blood corpuscles which catalyzed the oxidation of glucose-6-phos- 
phate to 6-phosphogluconate: 

H 203 P 0 -CH 2 -(CH 0 H )4 CH0 H 203 P 0 -CH 2 -(CH 0 H )4 C00H 

Qluoo8e-6-phosphate G-Phosphogluoonate 
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2. GlvUmic enzyme. An enzyme has been isolated from bottom 
yeast by von Euler, Adler, and Eriksen (1937) which catalyzes the 
oxidation of K+)-glutamic acid, COOH(CH 2 )CHNH 2 COOH, to NHj 
and a>ketoglutaric acid, COOH(CH 2 ) 2 COCOOH. The coenzjmie 
TPN is needed as the specific oxidizing agent for the substrate and 
cannot be replaced by DPN. 

3. Isocitrate enzyme. Adler, von Euler, Giinther, and Plass (1939) 
isolated an enzyme from acetone-dried heart muscle which catalyzed 
the oxidation of isocitrate (but not citrate) to a-ketoglutarate. One 
possible way in which this reaction could take place i 

H H 

I I 

HOOCCCH 2 COOH HOOCCCH 2 COOH 

I I 

HCOH CO 

I I 

COOH COOH 

Isocitrio add or-KetcH^-carboxyglutaric add 

Triphosphopyridine nucleotide is apparently necessary for this re¬ 
action to take place. The end product of the reaction may be a poten¬ 
tial source of glutamic acid if NH3 is present, according to Adler and 
associates. This fact can be demonstrated by the following equations: 

Isocitrate + TPN —» 

a-Ketoglutarate + CO 2 + Reduced TPN 

o-Ketoglutarate NH3 —+ a-Iminoglutarate 
oc-Iminoglutarate -|- Reduced TPN —> Glutamate -f TPN 

The pyridinoprotein enzymes are probably essential for the growth of 
all microorganisms. Certain organisms, however, can apparently syn¬ 
thesize the prosthetic group (DPN or TPN) of the enzyme, as well as 
the protein carrier, from simple ammonium salts. Other organisms 
which require DPN or TPN are unable to synthesize the coenz 3 Tnes 
from simple ammonium salts but can effect such a synthesis if supplied 
with the proper units, that is, nicotinamide, pentose, and adenylic 
acid. Still other organisms apparently require partially synthesized 
coenzymes or the intact pyridine nucleotide molecules to carry out 
their activities, since they are unable to synthesize the compounds 
when they are supplied with the separate component parts, Escheri- 


s: 


COOH 

I 

CH 2 


-COi 


> CH2 
CO 

I 

COOH 

a-Ketoglutario acid 
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chia coK is a good example of an organism which can synthesize the 
nucleotides in a medium where the only source of nitrogen is an am¬ 
monium salt. Staphylococcus aureus, Shigella dysenteriae, CoryndMC- 
terium dipMheriae, some of the species of the genus Proteus, and proba¬ 
bly many other organisms can synthesize one of the pyridine nucleo¬ 
tides if supplied with nicotinic acid amide, which is one of the essential 
components of both DPN and TPN. To the third category belongs 
Hemophilus parainfluenzae, which must be supplied with the nicotin¬ 
amide riboside (nicotinamide -f pentose) or the intact nucleotide mole¬ 
cule for growth, since it can neither synthesize the coenzyme from sim¬ 
ple materials nor hook the individual organic components together. 
The work on H. parainfluenzae has been carried out principally by 
Lwoff and Lwoff (1937), who have shown that “growth factor V“ may 
be replaced by pure DPN or TPN. Nicotinic acid or its amide and 
adenylic acid are unable to serve as factor V; but Schlenk and Gingrich 
(1942) and Gingrich and Sclilenk (1944) have shown that II. parain- 
fluenzae can proceed with the synthesis of DPN or TPN if the first step, 
the linkage between nicotinamide and pentose, is accomplished. 

It is also of interest that the Lwoffs have devised an extremely sensi¬ 
tive microbiological test for the pyridine nucleotides in which they can 
detect as little as 0.004 yg. of the coenzymes in biological fluids. The 
Lwoff test for DPN or TPN has been applied to the estimation of these 
substances in the blood of normal persons and pellagrins by Kohn 
(1938), Kohn and Klein (1940), and others. Such studies have shown 
that both groups of individuals possess greater amounts of the coen¬ 
zymes in their blood after nicotinic acid has been administered. When 
cultures of H. parainfluenzae are grown under conditions in which 
factor V is the only limiting factor, glucose, hexosemonophosphate, 
pyruvate, fumerate, malate, ethyl alcohol, asparagine, and valine are 
all oxidized very slowly. On the other hand, when either of the pyri¬ 
dine coenzjnmes is added, the organism rapidly oxidizes all the sub¬ 
strates. 

COCARBOXYLASE (DIPHOSPHOTHIAMIN) 

As early as 1911 Neubeig demonstrated that yeast and plants con¬ 
tain an enz 3 mie (carboxylase) which decarboxylates a-keto acids, con¬ 
verting them into the corresponding lower aldehydes. For example, 
the decarboxylation of pyruvic acid by yeast follows the equation: 

CHa-CO COOH CH 3 CHO + CO 2 

I^mivio add Acetaldehyde 
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We now know that mammals and certain bacteria act differently on 
pyruvic acid; these reactions will be discussed in the next few pages. 

Before 1932 it was not known that carboxylase required a coenzyme. 
However, in that year Auhagen demonstrated that, when dried yeast 
was washed with alkaline phosphate, it lost its power to decarboxylate 
pyruvic acid because a coenzyme was washed out. The coenzyme has 
since been isolated from liver, kidney, heart, blood, and a large number 
of vegetables [Auhagen (1932), Tauber (1937)]. 

It is now known that cocarboxylase is a distinct chemical entity. 
Preparation of pure crystalline cocarboxylase was first accomplished 
by Lohmann and Schuster (1937), who obtained only about 700 to 800 
mg. from 100 kg. of brewer’s yeast. After careful chemical analysis they 
found that the coenzyme was the pyrophosphoric acid ester of thiamin 
(vitamin Bi): 

S OH OH 


HaC 


N==CH 

a 


HC'^ '^C—CHr-CHz—0—P—0—P—OH 


C-CHr 

II II 

N—CNH2 


-N- 


-C 


O 


o 


Cl CHs 

Diphosphothiamin (cooarbozylase) 


Cocarboxylase has now been synthesized from thiamin by enzymatic 
and chemical methods. Stem and Hofer (1937) converted thiamin 
into its pyrophosphoric acid ester by treatment with phosphorus 
oxychloride, and Weijlard and Tauber (1938) obtained good yields of 
crystalline cocarboxylase by a similar method, except that the ester 
was obtained by treating thiamin with a mixture of ortho- and pyro¬ 
phosphoric acid. Silverman and Werkman (1938, 1939) have shown 
that propionic acid bacteria can synthesize thiamin in vitamin Bi-de- 
ficient medium. Undoubtedly the thiamin serves as a precursor to 
cocarboxylase. 

Diphosphothiamin is a rather stable compoimd with a melting point 
of about 242°C. It is readily soluble in water. Hydrolysis with 
l.OiVHCl for 15 minutes liberates one of the two phosphoric.acid 
residues, and the coenz 3 rme becomes inactive. The second phosphoric 
group, however, is removed only after several hours’ boiling with 
1.0 AT HCl [Tauber (1939)]. Very little is known about the fimction 
and mode of action of cocarboxylase, although considerable interesting 
data will be found on this subject in the paper by Stem and Melnick 
(1940). Recent studies by Green, Herbert, and Subrahmanyan (1940) 
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indicate that the enzyme carboxylase is a diphosphothiamin-magnesium 
protein. It can be resolved into its component parts (protein, mag¬ 
nesium, cocarboxylase) by a variety of procedures, and there is good 
reason to believe that the metal plays the role of a ‘^cement^^ sub¬ 
stance which binds the specific protein to the prosthetic group (cocar¬ 
boxylase). 

Cocarboxylase definitely functions in the decarboxylation of pyruvic 
acid in yeast and Fusaria [Tytell and Gould (1941)], and the hypothesis 
has been advanced that in other microorganisms and tissues vitamin 
Bi serves as a precursor for the coenzyme. It has been shown by 
Krebs and Johnson (1937), Lipmann (1937), Barron and Lyman (1939), 
Still (1941), Green and his associates (1941), Stotz, Westerfeld, and 
Berg (1944), and others, however, that animal tissues and certain 
bacteria {Lactobacilliis delbriickii^ staphylococci, gonococci, and Es¬ 
cherichia coli) do not decarboxylate pyruvic acid to form acetaldehyde 
in the direct manner that yeast does, but instead help catalyze it to 
other compounds. For example, Barron and his associates and Still 
have obtained enzyme preparations from gonococci, staphylococci, 
and E. coli which catalyze the aerobic oxidation of pyruvic acid to 
acetic acid and CO 2 . Under anaerobic conditions the dismutation of 
pyruvic acid follows this equation: 

+H2O 

2 CH 3 CO COOH-> CH 3 COOH -f CO 2 + CH 3 CHOH .COOH 

where one molecule of pyruvic acid is oxidized to acetic acid and CO 2 , 
and another is reduced to lactic acid. 

The oxidation of pyruvic' acid requires cocarboxylase, adenine- 
flavin-dinucleotide or a similar carrier, inorganic phosphate, and other 
inorganic ions, such as magnesium or manganese. Some explanation 
of this process has been given in the interesting studies by Lipmann 
[See Lipmann and Tuttle (1944)] and Utter, Krampitz, and Werkman 
(1944). Using L. delhruckii, Micrococcus lysodeikticus, and other cells, 
these workers have presented evidence which indicates that acetyl 
phosphate is an intermediate in the oxidation of pyruvate to acetate 
and CO 2 , and that the reaction is coupled with the phosphorylation of 
adenylic acid to form adenosine triphosphate. According to Lipmann, 
the following reactions explain the process: 

—2H 

CHj CO COOH 4- H,P04- > CH# COOPO|H, + COa 

Pyruvic acid Acetyl phosphate 

2 CHj*C 00 P 08 H 2 + Adenylic acid- > 2 CH 8 *00011 4- Adenosine triphosphate 

The two hydrogens liberated in the oxidation of pyruvic acid to 
acetylphosphate are accepted by an adenine-flavin-dinucleotide sstsf- 
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tern. The resulting reduced dinucleotide is in turn reoxidized by 
oxygen under aerobic conditions or by pyruvate plus riboflavin in an 
anaerobic environment. 

It has also been pretty well established by Green and his associates 
and by others [see Stotz, Westerfeld, and Berg (1944)] that a diphos- 
phothiamin enzyme system from animal tissues is involved in a reaction 
where acetaldehyde and pyruvic acid undergo condensation to form 
acetoin (acetylmethylcarbinol). It is believed that pyruvic acid is first 
decarboxylated to acetaldehyde, which then undergoes condensation 
with a second molecule of pyruvic acid to yield acetoin as in the reac¬ 
tions: 

CH 3 • CO • COOH CH 3 • CHO + CO 2 

Pyruvio acid 

CH 3 • CHO + CH 3 • CO • COOH CH 3 • CHOH • CO • CH 3 + CO 2 

It is quite possible that certain bacteria also produce acetoin by this 
mechanism. 

Still other carboxylase enzymes have been described recently, but 
it is still too early to say whether they contain diphosphothiamin as a 
prosthetic group. These enzymes are discussed later in the chapter 
on pp. 686 to 589 on carboxylase and other decarboxylases. 

THE ALLOXAZINE (FLAVIN) SYSTEMS 

The chemical nature of the water-soluble, yellow-green, fluorescent 
pigment now referred to as riboflavin (synonymous with cytoflav, 
lactoflavin, vitamin G, and vitamin B 2 , as used by many English and 
German investigators) commanded the attention of chemists as early 
as 1879. It was not until about 1932, however, that scientists gave 
proper attention to this pigment. 

In 1932 Warburg and Christian announced the isolation of a ^'yellow 
ferment^^ from bottom yeast (Lebedew juice). They were also able 
to resolve the enzyme into a colorless protein and a yellow prosthetic 
group by treatment with methyl alcohol. The yellow color of this new 
oxidation enzyme disappeared when aqueous solutions were treated 
with reducing agents but reappeared when they were shaken with 
oxygen. Together with a second enzyme obtained from yeast and a 
coenzyme from red blood cells, this yellow enzyme constituted a sys¬ 
tem capable of oxidizing Robison's hexose monophosphoric acid ester. 
The yellow ferment was reversibly reduced to its leuco form during the 
process but could be regenerated by shaking the solution with molecular 
oxygen. In this system the yellow enzyme, by virtue of its easily re¬ 
versible oxidation-reduction reactions, acted as a hydrogen-transporting 
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substance between the substrate and molecular oxygen. Further re¬ 
search showed that this pigmented enz 3 ane was present in all types 
of living cells, including yeast and bacteria. 

As we have already mentioned, Warburg and Christian (1933) sep¬ 
arated the yellow enzyme into two components: a protein fraction and 
a colored fraction (riboflavin). In this connection it should be men¬ 
tioned that neither of these components was catalytically active when 
tested alone. However, if they were added together in a certain con¬ 
centration, the enzymatic activity was regenerated. These brilliant 
researches constitute the first separation and identification of the 
prosthetic or chemically active grouping of an enzyme. 

The actual synthesis of riboflavin was reported almost simultaneously 
from three different laboratories [see review by Theorell (1935)]. The 
compound was found to have the following formula: 

C—H 2 OH 

I 

HO—C—H 

I 

HO—C—H 

HO—C—H 


I 

H—C—H 



Riboflavin [vitamin Bj or G, 6,7-dimethyl-9-(l'-<i-ribityl)isoalloxazine] 

Riboflavin is slightly soluble in water (11 mg. in 100 ml. at 25°C.), 
less soluble in alcohol, and insoluble in the ordinary fat solvents. It is 
stable in strong mineral acids but is sensitive to alkali. It is irreversibly 
decomposed by light. 

The unique, as well as complicated, oxidation-reduction system of 
the flavins has attracted unusual attention and also has stimulated a 
considerable volume of literature. The normal potential of riboflavin 
referred to the normal hydrogen electrode is approximately —0.21 
volts (pH 7.0). For details on this subject the paper by Stem (1934) 
should be consulted. 
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When riboflavin is combined with phosphoric acid, the prosthetic 
group of the yellow enzyme of Warburg and Christian is formed. As 
synthesized by Kuhn and Rudy (1936), it has the following formula: 



^n^c6 

6,7-Dimethyl-9-(d-ribityl)isoalloxazine-5^-pho8phorio acid 


Both the natural and synthetic flavin phosphoric acids are capable of 
combining with the specific protein (bearer) of the yellow enzyme, form¬ 
ing chromoproteins of the same catalytic activity. 

Theorell (1934) was able to purify and crystallize the yellow enzyme 
by cataphoresis, fractionation, and dialysis. The prosthetic group and 
protein bearer are thought to have the following mode of attachment: 

O 1 

/ 

CHsr-O—P=0 

I \ 

HO—C—H OH 


HO—C—H 

i. 


HO 


H 


I 


H—C—H 


CH 3 - 

CH 3 - 


Nv /N 

^CO 




/N 


CO 

Yellow enzyme (Warburg) 


Protein 


The coenzyme or prosthetic group of the d-amino acid oxidase also 
belongs to this group of interesting compounds. Krebs (1932, 1933) 
described an enzyme capable of oxidizing many amino acids by the 
following reaction: 

RCH-COOH + ^Oa-^RCOCOOH + NH 3 
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In 1936 Das demonstrated that Krebses d-amino acid oxidase re¬ 
quired a thermostable factor for its activity, and later Warburg and 
Christian (1938) showed that the coenzyme was adenine-alloxazine- 
dinucleotide. Warburg and Christian gave a detailed procedure for the 
isolation of the pure coenzyme from liver, kidney, and yeast; although 
the highest yield was obtained from yeast, they secured approximately 
65 mg. from 50 kg. of kidney and liver tissues. It is believed that this 
coenzyme is widespread in nature, and it is undoubtedly formed by 
bacteria. 

Warburg and Christian made an elementary analysis of the pure 
barium salt of this coenzymc and found it to have an empirical formula 
of BaC27H3iN9P20i5 and an approximate molecular weight of 920. 
The structure of the adenine-flavin-dinucleotide may be represented 
schematically as follows: 

OH OH 


Ribose- 


-O- 


CHa— 


CHa 


A 


NH 


P—O—P—O—Ribose 



H 


N N 

I I 

NHg—C— C C 

II I 

N—CH==N 


The absorption spectrum and chemical properties are very similar 
to those of riboflavin. Neutral aqueous solutions of this coenzyme 
retain their activity for some time if kept cold, but normal NaOH or 
HCl destroys its activity in a short time. Reversible reduction with 
loss of the yellow color may be accomplished with Na 2 S 204 at pJi 7.5. 

The mode of action of the coenzyme (adenine-alloxazine-dinucleotide) 
of the d-amino acid oxidase is very similar to that of the old yellow 
enzyme of Warburg. The alloxazine ring of the coenzyme molecule 
accepts hydrogen from the d-amino acid, forming a reduced compound 
and the corresponding imino acid. The reduced coenzyme then may be 
regenerated to the pigmented form by shaking with molecular oxygen 
[Baumann and Stare (1939)]. The role played by this adenine-alloxa- 
zine-dinucleotide in bacterial metabolism has not been definitely estab¬ 
lished, although it undoubtedly exists in certain organisms and probably 
functions in a manner similar to that just described. 

That the original yellow enzyme and d-amino acid oxidase are not 
the only enzymes which have a flavin prosthetic group is borne out by 
reports by Ball (1938, 1939), stating that xanthine oxidase also belongs 
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to this group. Publications from Warburg's laboratory [see review by 
Warburg (1938)] and by Haas and his associates (1940) and others also 
make it clear that there exists in nature a whole class of yellow enzymes, 
or alloxazine proteids, which differ in the constitution of their pros¬ 
thetic group as well as that of the bearer protein and which show a well- 
defined specificity. Some ten of these flavoproteins have been de¬ 
scribed up to now; the more important ones which have been demon¬ 
strated in microorganisms are listed in Table 5. For more details the 
papers cited below this table, books on enzyme chemistry, and the arti¬ 
cles in the Annual Review of Biochemistry should be consulted. 

Several workers have calculated the amount of flavin present in 
various microorganisms. For example, Yamagutchi and Usami (1939) 
determined the flavin content of two yeasts and fifteen bacterial species. 
Per gram of dry weight, Micrococcus citreus, Pseudomonas aeruginosa^ 
and Escherichia coli contained more than 10 to 15 )ug- of flavin, whereas 
all the other bacteria and yeasts studied contained less than 10 /xg-, and 
Serratia marcescens contained less than 1.5 Mg* 


ADENO.SINE TRIPHOSPHATE-ADENOSINE MONOPHOSPHATE 
(ADENYLIC ACID) SYSTEM 

The function of the adenine-nucleotide coenzymes ^ in muscle and 
yeast metabolism has been studied extensively by several workers, who 
have demonstrated their role to be that of transferring energy-rich phos¬ 
phate bonds to carbohydrates and other substances [see Green and 

' To conserve space the following abbreviations will be used for these coenzymes: 
AMP for adenosine monophosphate (adenylic acid), ADP for adenosine diphos¬ 
phate, and ATP for adenosine triphosphate. The formulas for these compounds 
are: 


O 

li 

R-0~P-0H 

in 

Adenylic acid 


O 0 
II II 

R-0- P~0-P~0H 

<!)h 6k 


Adenofline 

diphosphate 


0 0 0 
II II II 
B-O-P-O-P-O-P-OH 

OH OH in 


Adenosine triphosphate 


=C—NH, 


R- HO 



■k 6. K k 


Rlbose 


Adenylic acid from ThiobaciUus ihiooxidans and certain yeast differs from the 
above form in that the phosphate group is linked to position 3 of the ribose residue. 



Some of the Yellow Enzymes, the Nature of Their Coenzymes (Prosthetic Groups), Their Sources, and Their Action 


ATP—AMP SYSTEM 


481 



1 Review by Warburg (1938). < Ball (1938, 1939). 7 Coulthard et al. (1942), Schales (1943). 

2 Haas, Horecker, and Hogness (1940). * Krebs (1932, 1933). 8 Gale and Epps (1943). 

2 Haas (1938). * Dewan and Green (1938), Adler ei oL (1939). * Davies (1943). 
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Colowick (1944), Kalckar (1944)]. The transfer of phosphate from one 
linkage to another can occur either intramolecularly (for example, glu- 
cose-l-phosphate ^ glucose- 6 -phosphate) or intermolecularly. In¬ 
tramolecular exchange of phosphate can apparently take place in the 
absence of the adenine nucleotides, but intermolecular transfer reac¬ 
tions require the presence of these coenzymes. The better known 
intermolecular phosphate transfer reactions, in which ATP, ADP, and 
AMP take part, have been discussed in some detail by Green and Colo¬ 
wick (1944); they classify the reactions as follows: 


ATP formation 

Internucleotide phosphate 
transfer 

ATP utilization 

Storage of energy-rich phos¬ 
phate bonds 


ADP + Acetyl phosphate <=± ATP -f Acetate 
ADP + Phosphopyruvate 7=^ ATP + Pyruvate 
ADP -f 1:3-Diphosphoglycerato ATP + 

3-Phosphoglycerate 

ADP -h ADP ATP + AMP 

ATP -f Glucose ADP -f- Glucose-6-phosphate 

ATP -|- Fructose-6-phosphatc —♦ ADP + 

Fructose-1 :G-diphosphate 
ATP -f Creatine ^ ADP Phosphocreatine 
ATP -f Arginine ^ ADP + Phosphoarginine 


It can be seen from this outline that the adenine nucleotides can take 
part in a wide variety of enzymatic reactions in w^hich ADP or AMP 
accepts phosphate from other phosphate compounds formed at the ex¬ 
pense of metabolism. The energy-rich phosphate bond of the ATP 
so formed can then be utilized: ( 1 ) by a hydrolytic enzyme known as 
adenosine triphosphatase (m 3 '^osin), or ( 2 ) for the phosphorylation of 
other compounds which either undergo further metabolism or serve as 
a storage for energy-rich phosphate bonds. 

Adenosine Triphosphate Formation. A number of phosphate 
compounds probably arise during normal metabolism which are capa¬ 
ble of phosphorylating ADP or AMP to form ATP. At present, how¬ 
ever, only acetyl phosphate, phosphopyruvate, and diphosphoglycerate 
are well known. One of these reactions may be cited here to illustrate 
ATP formation. According to Lipmann [see Lipmann and Tuttle 
(1944)], the oxidation of pyruvate by pyruvic dehydrogenase from 
bacteria and other cells is coupled with the phosphorylation of adenylic 
acid in the following way: 

__2H 

CHa-CO COOH + H3PO4 -> CH3 COOPO3H2 + CO2 

Pyruvic add Acetyl phosphate 

2 CH3-C00P03H2 + AMP -> 2 CH 3 COOH + ATP 

Acetic add 


It is well known that inorganic phosphate is taken up by plant and 
animal tissues and by microorganisms [see Macfarlane (1936, 1939), 
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Wiggert and Werkman (1938), O^Kane and Umbreit (1942), and pp. 916 
to 926 on the mechanism of alcoholic fermentation in Chapter 10]. 
Probably the cells use a mechanism such as the one just described to 
form a complex between inorganic phosphate and organic compounds. 

Internucleotide Phosphate Transfer. ATP may be formed in a 
somewhat different manner than the one just described. In muscle 
metabolism a water-soluble heat-stable enzyme, myokinase, catalyzes 
the reversible reaction: 

2 ADP ^ ATP + AMP 

where a labile phosphate is transferred from one molecule of ADP to 
another (phosphate dismutation), yielding ATP and AMP. Myo¬ 
kinase appears to be specific for adenine nucleotides, since it has no 
effect on inosine triphosphate [see Kalckar (1944)]. To what extent 
this enzyme occurs in bacteria and other cells is not known. 

Adenosine Triphosphate Utilization. Several examples can be 
cited to illustrate the utilization of ATP in biological systems; these 
include the enzymatic phosphorylation of adenosine, thiamin, ribo¬ 
flavin, free hcxoses, and other compounds containing alcoholic hydroxyl 
groups. In yeast metabolism the enzyme hexokinase catalyzes the 
one-step transfer of phosphate from ATP to hexoses: 

ATP + Hexose —> ADP + Hexose monophosphate 

(Glucose) (Glucose-C-phospbate) 

This enzyme is probably present in all cells that ferment glucose. 
Yeasts and other cells also contain an enzyme which can catalyze the 
reaction of ATP with fructose-6-phosphate: 

ATP + Fructose-6-phosphate ADP + Fructose-1:6-diphosphate 

It is also of interest that Colo wick and Kalckar (1943) have shown that 
a combination of yeast hexokinase and animal myokinase can catalyze 
the two-step reaction: 

ATP + 2 Hexose —> AMP + 2 Hexose monophosphate 

Storage of Energy-Rich Phosphate Bonds. In the classification 
shown on p. 482, the storage of energy-rich phosphate bonds is illus¬ 
trated by two reactions. Probably other similar reactions occur 
in nature. It is generally believed that in vertebrates the reaction, 
ATP (ADP) + Creatine ^ ADP (AMP) + Phosphocreatine, goes 
from left to right during '‘resting’^ muscle metabolism; when ATP is 
needed for other purposes, the reaction can proceed in the opposite 
direction and furnish a supply of this substance. 
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Studies of the various enzymatic reactions by which phosphate is 
transferred to and removed from the adenine nucleotides have revealed 
two facts about these coenzymes. They are: (1) The terminal phos¬ 
phate of ATP is much more easily removed than is that of ADP; for 
example, only the terminal phosphate of ATP can be split off by the 
hydrolytic enzyme adenosinetriphosphatase (myosin) or transferred to 
glucose by hexokinase. (2) The terminal phosphate of ADP is much 
more readily phosphorylated by phosphopyruvate or 1:3-diphospho- 
glycerate than is AMP. 

MISCELLANEOUS COENZYMES 

Several other substances have been studied by various investigators 
which answer to the description of coenzymes; that is, they are fairly 
heat-stable, dialyzable organic compounds of relatively low molecular 
weight. Knowledge of their exact function in the respiration of bacteria 
and other cells, however, is very incomplete. For this reason they will 
be only briefly mentioned here. Other so-called coferments and other 
similar substances not cited here have been described in the biochemical 
literature, but at the present time they are outside the scope of bac¬ 
teriology. Future studies, however, will undoubtedly show their im¬ 
portance in the metabolism of the bacterial cell. 

Diaphorase (Coenzyme Factor, Coenzyme Dehydrogenase). 
Until recently it was quite generally believed that the reoxidation of 
the reduced pyridine nucleotides was accomplished by the yellow 
enzyme, which was in turn reduced to the leuco flavoprotcin. This 
substance then reacted with molecular oxygen or with hemin systems in 
the ferric form to regenerate the oxidized form of the yellow enzyme. 
However, the recent researches by Adler and his associates (1937, 
1939), Dewan and Green (1938), and others indicate that, at least in 
certain animal tissues, not the yellow enzyme but a different enzyme 
(called diaphorase by Adler and coenzyme factor by Dewan and Green) 
is responsible for the specific dehydrogenation of the reduced pyridine 
nucleotide-protein enzyme systems. In turn, then, the diaphorase 
forms the coupling link between the pyridine enzymes and the hemin 
systems of the cell (cytochrome-cytochrome oxidase). Abraham and 
Adler (1940) have shown that two different diaphorases occur in* ani¬ 
mal tissues. Diaphorase I reacts specifically with coenzyme I (di- 
phosphop 3 nridine nucleotide) and diaphorase II with coenzyme II 
(triphosphop 3 aidine nucleotide). Diaphorase II was shown to be less 
specific than diaphorase I. Diaphorases have been demonstrated in 
bacteria (Escherichia coli, Proteus vulgaris, and Bacillus subtilis) and 
yeast, as well as in animal tissues [Green and Dewan (1938)]. Several 
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workers have shown that the colored group in the diaphorases (I and II) 
is an adenine-flavin-dinucleotide. For this reason these coenz 3 nnes 
should probably be discussed with the other flavin coenzymes. How¬ 
ever, until a little more is known about the diaphorases, we prefer to 
list them here [see paper by Haas, Horecker, and Hogness (1940)]. 

Coenzyme R. Allison, Hoover, and Burk (1933) and Hoover and 
Allison (1935) extracted a substance from commercial cane sugar and 
other plant and animal tissues which they called coenzyme 72, because 
it played an important role in the nutrition and respiration of the root 
nodule bacteria (Rhizobia). Since coenzyme R is now known to be 
closely related to, if not identical with, the growth factor biotin, it is 
of only historical interest. A discussion of biotin will not be given here, 
since it seems better to consider it in Chapter 7 on bacterial nutrition. 

Glyoxalase Coenzyme. Coenzyme activity has been attributed to 
glutathione (GSH) by Lohmann (1932) and others, who believe that it 
reacts with methylglyoxal to form a complex which in turn serves as a 
substrate for the enzyme glyoxalase (present in yeast and bacteria). 
The end products of this enzyme reaction would be lactic acid, and 
regenerated glutathione. 

lUO 

CH 3 CO CHO 4 - GSH ?=i CHs CO CHO—HSG --> 

Glyoxalase 

CH 3 CHOHCOOH + GSH 

Although there are considerable data to support this reaction, recent 
studies have cast some doubt on the nature of the intermediate product 
[see Behrens (1941)], which is apparently only very slowly acted upon 
by glyoxalase. Many workem have been of the opinion that the sulf- 
hydryl group of glutathione plays a necessary role in the coenzyme 
action. However, this in itself is not the only requirement for coenzyme 
action, since cysteine, cysteinylglycine, thioglycolic acid, hydrogen sul¬ 
fide, and thioneine are inactive. Behrens (1941) has tested several 
compounds closely related in structure to glutathione to see whether 
they are capable of acting as coenzymes. Isoglutathione (a-glutamyl- 
cysteinylglycine), differing from glutathione only in that the glutamic 
acid residue is attached through the a-carboxyl instead of the 7 -car¬ 
boxyl group, and asparthione (i3-aspartylcysteinylglycine), the aspartic 
acid analog of glutathione, were both found to be capable of acting as 
coenzymes for glyoxalase. 

Glutathione and related compounds may also function in other im¬ 
portant respiratory systems. For example, Bigwood and Thomas 
(1935) observed that purified cytochrome c is readily reduced by glu¬ 
tathione, and it may be that hydrogen is transferred to the hemin sys¬ 
tems in this manner. 
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Lysine Decarboxylase Coenzyme. The decarboxylation of 
Wysine to cadaverine by the paracolon organism, Bacterium cadaveris, 
requires a flavin coenzyme [Gale and Epps (1943)]. The coenzyme has 
not been fully characterized. The known flavin coenzymes will not 
replace it in the reaction. 

THE ROLE OF COENZYMES 

A question which might be raised is how enzymes function in the 
various enzymatic processes. In the older literature coenzymes were 
thought to be accessory substances which merely assisted or accelerated 
enzyme reactions by activating the hydrogen of the substrate in such a 
manner that it was more easily removed by the various specific dehy¬ 
drogenases. As more data have accumulated on cellular or biological 
processes, this view has been somewhat altered. It is now quite gen¬ 
erally believed that biological oxidation is accomplished by means of a 
chain of complex reactions in which hydrogen or electrons from the 
substrate are transported by one substance, or probably by a series of 
compounds, until eventually they combine with oxygen. The role 
played by the various coenzymes in this chain of reactions is therefore 
probably that of actually uniting with hydrogen and then passing it 
on to some other compound in the chain which has a greater affinity 
for the hydrogen than the compound to which it is attached. Com¬ 
pounds which make up the links in the chain through which hydrogen 
passes are the specific dehydrogenases and their coenzymes, the cyto¬ 
chromes, and cytochrome oxidase. Many other naturally occurring 
substances, such as glutathione, pigments, and dicarboxylic acids, 
often insert themselves in the dehydrogenation chain and may supply 
alternate routes for the transfer of hydrogen from the substrate to 
oxygen. Irrespective of the route traveled by hydrogen, various more 
or less specific dehydrogenases are essential as master escorts. 

There is still some question concerning the union of the enzyme and 
coenzyme in the dehydrogenation chain. One school [see review by 
Theorell (1935)] believes that the substrate and specific dehydrogenase 
imite to form a substrate-dehydrogenase complex which contains acti¬ 
vated hydrogen. This complex then gives up hydrogen to a coenzyme. 
On the other hand, Warburg (1938) and Warburg and Christian (1939) 
emphasize the combination of protein and coenzyme, which then be¬ 
comes the active hydrogen-transporting enzyme system. The protein 
component gives the hydrogen-transporting enzyme specificity and 
determines whether the coenzyme will accept hydrogen from the sub¬ 
strate. Baumann and Stare (1939) have made the following interesting 
and conservative statement concerning the enzyme-coenzyme rela¬ 
tionship: 
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The enzyme-coenzyme relationship might be pictured as follows: reaction 
between coenzjmie and substrate takes place when the proper dehydrogenase, 
a large molecule, seizes the coenzyme with one hand, the substrate with the 
other, and bumps the two together. The coenzyme takes hydrogen from the 
substrate, and the reduced coenzyme breaks away. It can then pass its hy¬ 
drogen on to a suitable acceptor, either as free reduced coenzyme or in the 
presence of some other specific protein. 


CLASSIFICATION OF ENZYMES 

Enzymes may be classified in several different ways; the system em¬ 
ployed must depend chiefly upon the particular interest of the individ¬ 
ual. The ideal classification would be based on the chemical compo¬ 
sition of the enzymes, but as yet this is not possible. Quite generally, 
enzymes are grouped according to the type of chemical reaction which 
they catalyze. For example, the enzymes which hydrolyze compounds 
are called hydrolytic enzymes or hydrolases, and those which oxidize 
and reduce the substrate are spoken of as oxidases and reductases or 
simply as oxidoreductases. 

As we have previously mentioned, enzymes are named according to 
the substrate acted upon, rather than on the basis of their chemical 
make-up. Thus they are frequently classified on the same basis. For 
instance, those enzymes which hydrolyze esters are called esterases; 
those which hydrolyze carbohydrates, carbohydrases; and those which 
hydrolyze proteins, proteinases. This system is excellent as a secondary 
classification but has certain inherent disadvantages if used alone. 
Another method of organization which is frequently used for bac¬ 
terial enzymes is based on the location of the enzyme in respect to the 
cell. Many enzymes, or their precursors, are excreted from the bac¬ 
terial cell and are referred to as extracellular enzymes or exoenzymes, 
whereas others reside within the cell during its life and are termed 
intracellular enzymes or endoenzymes. Usually the extracellular en¬ 
zymes are hydrolytic in nature and the intracellular enzymes are 
oxidoreductive. The classification used in Table 6 was proposed in 
part by Waksman and Davison (1926), and, as will be seen, it includes 
two of the systems just mentioned. 

Now let us turn to a closer examination of the enzymes listed in 
Table 6, and briefly discuss their occurrence in various bacteria and 
related microorganisms. Many bacteria have not been examined for 
the presence or absence of specific enzymes, and actual proof that all 
the enzymes listed in this table are present in microorganisms is also 
lacking at this time. Furthermore, it is probable that several of the 
enzymes listed are really enzyme mixtures. Future studies will un- 
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doubtedly break down many of these mixtures. To make a complete 
list of the various enzymes which occur in bacteria and other micro¬ 
organisms is, therefore, impossible. Only a few representatives will be 
cited here to give the student some idea of the widespread nature of 
enz 3 rmes in microbes. For more complete data on this subject the 
books by Waksman and Davison (1926), Buchanan and Fulmer (1930), 
and Oppenheimer (1925-1937) or the reviews by Waksman (1922) 
and Dubos (1940) should be consulted. 

A* Hydrolytic Enzymes (Hydrolases) 


I. ESTERASES 

The hydrolysis or synthesis of esters by the so-called esterases of 
microorganisms follows the general equation: 

R COOR' + H 2 O ^ R COOH + R'OH 

When R COOH is a higher fatty acid and R'OH is glycerol, the en¬ 
zyme responsible for the reaction is called a glyceridase or, usually, a 
lipase. If, however, R-COOH is any other organic acid or if the acid is 
inorganic and R'OH is a simple alcohol (aliphatic or aromatic) or a car¬ 
bohydrate, then the reaction is said to be catalyzed by some other 
esterase, such as butyrase or phosphatase. Some workers believe that 
the lipases and other esterases are not absolutely specific. 

1. Lipases (Glyceridases). The true lipases hydrolyze neutral 
fats into glycerol and higher fatty acids but do not readily attack 
lower esters. The most favorable temperature for lipase activity is 
about 40°C., although many lipolytic bacteria grow and produce lipase 
at much lower temperatures. The optimum reaction (pH) may vary 
some with the source of the enzyme, the substrate, and the buffer 
employed, but a neutral to a weakly acid or alkaline reaction has been 
used many times by various workers with reproducible results. Sev¬ 
eral methods have been proposed for the study of lipase activity by 
microorganisms. Since the enzymatic hydrolysis yields fatty acids, a 
crude qualitative test can be made by adding an indicator, such as 
litmus, to the test solution. More reliable tests are those perfected by 
Berry (1933), Collins and Hanuner (1934), and Jensen and Grettie 
(1937). Berry worked with the test originated by Carnot and Mauban. 
It consists of growing organisms on a solid medium having fat dispersed 
throughout. When good growth occurs, the plates are flooded with 
satmrated copper sulfate solution. If hydrolysis has taken place, the 
freed fatty acids react with the copper sulfate to give an insoluble 
blue soap. In the method perfected by Collins and Hammer and by 
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Jensen and Grettie the organisms are cultivated on beef infusion or 
nutrient agar containing emulsified fat and Nile-blue sulfate as an in¬ 
dicator. This indicator has the property of staining triglycerides and 
neutral fats red, whereas the various fatty acids show a distinct blue 
color. Thus when it is employed in a medium containing fat droplets, 
the color will be red, and any lipase activity on the part of the organisms 
will change the color to blue. For the proper use of Nile-blue sulfate 
and other basic dyes to demonstrate lipolysis by microorganisms the 
paper by Knaysi (1941) should be consulted. Quantitative methods of 
estimating the action of lipase usually involve the titration, with a 
standard solution of alkali, of the fatty acids liberated from fats 
[Trussell and Weed (1937)]. 

Enzymes capable of hydrolyzing neutral fats are quite widespread 
in nature, and both intracellular and extracellular lipases have been 
described from a considerable number of bacteria, yeasts, and molds. 
The early studies on microbial lipases have been reviewed recently 
by Jensen and Grettie (1937) and by Horowitz-Wlassowa and Liv- 
schitz (1935). Thus only a few representative studies will be men¬ 
tioned here. Of the early investigations on lipolytic enzymes the 
most extensive study is that of Sohngen (1910-1911), who dem¬ 
onstrated that such enzymes show a variable resistance to heat. 
For example, the lipases of such organisms as Achromohacter punctatum 
and Pseudomonas aeruginosa were found to be considerably more re¬ 
sistant to heat than those of Achroinobacter lipolyticum, Bacillus 
stutzeriy Pseudomonas fluorescens, Oidium lactis, Aspergillus niger, 
Penicillium glaucum, and Clostridium butyri. According to Lowen- 
stein, Fleming, and Neill (1929), the lipase of Escherichia coli is an 
endocellular heat-labile substance. In this respect it agrees with the 
lipase of pneumococci [Avery and Cullen (1920)], Clostridium perfingens 
[Fleming'and Neill (1927)], and Bacillus anthracis but differs from the 
lipase of Clostridium botulinvm, Avhich is an extracellular enzyme 
[Neill and Fleming (1927)]. Collins and Hammer (1934) included 159 
cultures in their study, including such species as Achromobacter connii^ 
Pseudomonas fragij Pseudomonas mucidolens, Psexidomonas myxogenes^ 
and others of the genera Serratia, Pseudomonas^ Bacteriumy and Micro- 
coccus. Their data show that hydrolysis of the simple triglycerides of 
the saturated fatty acids becomes more difficult as the molecular weight 
increases, and there is little variation in the percentage of bacteria 
which hydrolyze the different natural and hydrogenated fats. Horo¬ 
witz-Wlassowa and Livsehitz (1935) studied the decomposition of fats 
and oils by several bacteria and molds. Their study indicated that the 
greater nximber of bacterial species bring about an initial hydrolysis of 
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fats, although a few species like Aerobacter aerogenes may oxidize the 
fats directly. Vercellana (1936) could not demonstrate lipase activity 
in Brucella melitensis, Brucella abortus, Vibrio comma, Staphylococcus 
aureus, Streptococcus pyogenes, or Pseudomonas aeruginosa, Jensen and 
Grettie (1937) observed that certain strains of bacteria elaborate lipases 
and oxidases which act on fats and produce both free fatty acids 
and oxidation products. Some of these enzymes were active at 
— 17®C.(1.4°F.) and caused rancidity in bacon fat after a period of 4 
months to a year. Moisture-free fats did not support growth of the 
microorganisms tested, but as little as 0.3 per cent water allowed some 
organisms to initiate growth and produce lipolysis. 

2. Butyrascs and Other Simple Esterases. Bacterial enzymes 
which act on the esters of some of the lower fatty acids have not been 
studied very extensively in bacteria. The decomposition of ethyl 
butyrate by butyrase is cited in Table 6 as one example of the activity 
of this group of enzymes. Another example is the hydrolysis of acetyl 
choline by choline esterase: 

CH20C0-CH3 CH 2 OH 

I I 

CH 2 +H 20 -* CH 2 +CH 3 COOH 

I I 

C1-+N(CH3)3 C1-+N(CH3)3 

Acetyl choline Choline Acetic acid 

ohloiide chloride 

This enzyme has been studied mostly in animal tissues and fluids 
but has been demonstrated also in type I pneumococcus by Schaller 
(1942). 

3. Phosphatases. In nature numerous enzymes (phosphatases) 
occur which are concerned with the hydrolytic cleavage of phosphate 
bonds. For classification purposes it is convenient to allocate these 
enzymes to the three following classes [Green and Colowick (1944)]: 


Cla89 of Enzymes and Examples 

Substrate 

Products 

1. Phosphomonoesterases: 

OH 

OH 

Glycerophosphatase 

1 1 

1 1 

Phytase 

R-C-0-P=0 

1 i 

R-C-OH + H0-P=0 

1 1 


1 1 

OH 

1 1 

OH 

2. Phosphodiesterases: 

0 

0 

Glycerophosphate- 

1 II 1 

1 II ' 

lecithinaso 

R-C-O-P-O-C-R' 

1 t i 

R-C-OH + HO-P-O-C-R' 

1 1 


OH 

1 1 

OH 

3. Pyrophosphatases: 

0 0 

0 0 

Adenosinetriphosphatase 

II II 

II II 

Carboxylasephosphatase 

R-O-P-O-P-OH 

R-0-P*0H + HO-P-OH 


1 1 

OH OH 

1 1 

OH OH 
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Many of the reactions catalyzed by the phosphatases are irreversible 
under physiological conditions. According to Lipmann^s terminology, 
the pyrophosphate bonds are energy-rich, but the phosphoric ester 
bonds are energy-poor; thus the pyrophosphatases liberate a great 
deal more free energy for cellular activities than do the phosphoes- 
terases. 

The phosphatases have been demonstrated in many bacteria, yeasts 
[Rae and Eastcott (1940)], and molds, as well as in highly purified 
vaccinia elementary bodies [Macfarlane and Salaman (1938)]. A few 
specific examples will now be given. 

LecithinasCj the enzyme which hydrolyzes lecithin, has been regarded 
by many workers in the past as a mixture of two or more enzymes, one 
being a lipase which splits off the fatty acid residues and the other 
hydrolyzing the remaining product to choline and glycerophosphoric 
acid. We now know that lecithin may be attacked at more than one 
place in the molecule by different enzymes, but true lipases do not 
hydrolyze lecithins. The places where lecithin can be hydrolyzed are 
indicated by the four dotted lines in the following formula: 

H2CO—OCRi 

I 

HCO—OCR2 

I ■ 

H 2 C 0 —p—o-:-cii2Cii2 

/X I 

0 OH nO-N(CH 3)3 

Lecithin 

The animal and plant lecithinases A and B are more or less specific 
in that they remove only one or both of the fatty acids (Ri and R 2 ) 
from lecithin. The phosphodiesterase, glyceropbosphate-lecithinase, 
can act upon lecithin to produce the corresponding diglyceride and 
phosphoryl choline. This enz\Tne is thought to occur in several cells, 
and it has been demonstrated in type A Clostridium perfringens 
{Clostridium welchii) toxin by Macfarlane and Knight (1941). It is 
probably identical with the specific a-toxin, which is the lethal, hemo¬ 
lytic, and necrotic substance predominant in type A culture filtrates. 
The fourth cleavage of lecithin is brought about by choline-phosphate- 
lecithinase, a phosphomonoesterase, which acts upon lecithin or phos¬ 
phoryl choline to form choline and phosphoric acid. Several other in¬ 
vestigators have reported that bacteria and other microorganisms can 
hydrolyze lecithin, but intact organisms, rather than enzyme prepara¬ 
tions, have usually been employed. For example, Stoklasa (1911) 
demonstrated that Bacillus suhtilis. Bacillus mycoideSj and Proteus 
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vulgaris hydrolyzed lecithin, and Scales (1914) recorded similar results 
with the mold Aspergillus terricola, Toda (1930) and Toda and Urabe 
(1935) also reported that many bacteria produce an active lecithinase. 
Serratia marcescenSf Pseudomonas aeruginosa^ Eberthella typhosa, several 
acid-fast bacilli, and certain other organisms were included in their 
studies. The enzyme formed by S. marcescens worked best at 40°C., 
and its action was not destroyed when the cells were killed by heat. 
In regard to their lecithinase activity the acid-fast bacilli may be ranked 
in the following diminishing order: Mycobacterium leprae, avian, frog, 
bovine, and human strains of Mycobacterium tuberculosis. 



Fig. 3. Rate of Hydrolysis of Sodiiim Hexose Diphosphate in Active Culture 
of Clostridium aceiobutylicum. i4=titratable acidity; liberation of inorganic 
phosphorus. (From Heard and Wynne, 1933.) 

Glycerophosphatase, which hydrolyzes the phosphoric acid ester of 
glycerol, is apparently quite widespread among microorganisms. In 
1911 Neuberg and Karczag first demonstrated this enzyme in yeast, 
and it has since been found in several bacterial species (Aerobaeter 
aerogenes, Bacillus subtilis, Alcaligenes fecalis, Clostridium acetobuiylU 
cum, and Propionibacterium jensenii) by Wynne and his associates 
[Heard and Wynne (1933), Pett and Wynne (1933, 1938)], who have 
made extensive studies in this field. Glycerophosphatase has also been 
demonstrated in bovine and human tubercle bacilli [Kawabata (1934)] 
and in several molds, including Aspergillus oryzae [Proskuryakov 
(1936)] and Rhizopus japonicus [Miyagawa (1936)]. 

Hexosephosphatase has been found in yeasts and bacteria by several 
workers. For example. Heard, Pett, and Wjnane studied the rate of 
hydrolysis of the ester by several organisms, as well as the effect of 
various factors, such as pH and salts, on the rate of the reaction 
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Attempts to demonstrate the synthetic activity of the phosphatase 
failed. Some of their data on the rate of hydrolysis of 0.04 per cent 
sodium hexose diphosphate in a glucose-peptone medium by CZos- 
tridium acetobutylicum are shown in Fig. 3. From this figure it will be 
seen that the enzyme responsible for the hydrolysis of the ester did 
not come into effective action until the second phase of the fermenta¬ 
tion. In this phase there was little or no increase in cells; in fact, there 
was frequently a decrease. Also during this period part of the accumu¬ 
lated acetic and butyric acids was converted into acetone and butyl 
alcohol, which accounts for the decrease in the titratable-acidity curve 
(A). The marked increase in the rate of ester hydrolysis in the second 
period suggests either that some of the cells had become more per¬ 
meable to the enzyme or that the enzyme might have been liberated 
from cells which had actually undergone autolysis. It Ls not unlikely 
that a small part of the liberated inorganic phosphate had its origin 
in the complex esters of the cell. The slight decrease in free phosphate 
in the early stage of the fermentation suggests the formation of such 
esters during the active growth of the bacteria. 

Phytase is an enzyme which has the ability to hydrolyze the inositol- 
phosphoric acid ester, phytin. The reaction proceeds according to the 
equation given in Table 6. The enzyme has been demonstrated in the 
molds, Aspergillus niger, Aspergillus furnigatus, and Aspergillus clavatus 
by Dox and Golden (1911) and in twelve species of the genus Asper^ 
gillus by Kawahara (1929). It is also quite possible that certain other 
microorganisms contain this particular enzyme, although a systematic 
study has not been made. 

Nucleotidase has been little studied in microorganisms but is un¬ 
doubtedly present in Bacillus subiilis and other bacteria. For example, 
MacFadyen (1934) stated that the breakdo\vn of nucleotides can occur 
in the following three ways (P = phosphate, R = ribose, N = base): 

1. PEN P + RN 

2. PRN P + R + N 

3. PRN PR + N 

From the data which were obtained with Bacillus subtilis he was able 
to show that the four nucleotides of yeast nucleic acid were disinte¬ 
grated mainly into the phosphoric acid ester of ribose and nitrogenous 
bases, in accordance with the third of the foregoing reactions. 

Leahy, Sandholzer, and Woodside (1939) and Leahy, Stokinger, and 
Carpenter (1940) have demonstrated a phosphatase in twenty-three 
different Gram-negative bacilli and species of the genus Neisseria 
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Sucrose Glucose Fructose 




Maltose (malt sugar) I Two molecules of glucose 
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Melibiose (Glucose'd-ar-galactoeide) Glucose (lalactose 
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Geotiobiose Beualdehyde 
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B. DESMOLYZING ENZYMES 
(DESMOLASES) (see also Table 
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which hydrolyzes disodium phenyl phosphate. The optimal activity 
occurred at pH values of 4.7 to 7.2; each strain possessed an individual 
optimum. 

4. Sulfatase, the enz 3 nne or enzymes which hydrolyze various esters 
of sulfuric acid, has been demonstrated in several microorganisms. For 
example, Tank6 (1932) studied the sulfatases from bacteria of the 
Pseudornonas nonliquefaciens group and observed that the sulfatase 
which hydrolyzed chondroitinsulfuric acid was also active against the 
simpler sulfate esters of glucose and sucrose. On the other hand, the 
chondrosulfatase differed from phenolsulfatase, which attacks only 
aromatic compounds. Neuberg and Cahill (1936) also isolated a bac¬ 
terial enzyme capable of liberating sulfuric acid and reducing sugars 
from chondroitin. Phenolsulfatase has also been demonstrated in cer¬ 
tain molds, such as Aspergillus oryzae. 

II. CARBOHYDRASES 

The enzymes which belong to the carbohydrase group are very wide¬ 
spread among the microorganisms. In fact, a microbial enzyme which 
will attack every naturally occurring carbohydrate can probably be 
found. Enzymes which hydrolyze sugars are usually classified on the 
basis of the complexity of the carbohydrate which they attack, for 
example, polysaccharidases, trisaccharidases, disaccharidases, and 
glucosidases. 

1. Polysaccharidases. Cellulabe and Hemicellxjlases. The 
decomposition of cellulose and hemicellulose in nature is probably 
the result of associated microbial action, although several pure cul¬ 
tures of bacteria, molds, and actinomyces which will hydrolyze cel¬ 
lulose have been isolated and studied. Such hydrolytic enzymes 
are generally regarded to be extracellular, but statements occur in 
the literature to the effect that they may also be intracellular. Of 
the early studies of cellulose-dissolving bacteria the one by Keller- 
man, McBeth, Scales, and Smith (1913) is very complete and has an 
extensive bibliography. Bradley and Rettger (1927) and Cowles and 
Rettger (1931) have also made extensive studies on the aerobic and 
anaerobic bacteria which decompose cellulose. Since Thaysen and 
Bunker (1927) have reviewed the early literature on this subject in 
great detail in their book Microbiology of Cellulose^ Hemicellulose, Pectin^ 
and GumSf this work should be consulted for further details on the de¬ 
composition of these substances. More recently, however, cellulase 
activity has been demonstrated in several bacteria by Simola (1931). 
He prepared cell-free enzyme solutions which hydrolyzed cellulose to 
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cellobiose and glucose. Optimum enzyme activity occurred at 37°C. 
between pH 6.0 and 7.0. Grassmann and his associates (1931, 1933) 
have shown that an extract from Aspergillus oryzae contained a cellu- 
lase and a hemicellulase. The cellulase had exceptional power to act 
on polysaccharides of high molecular weight (cellulose, cellodextrin, 
and somewhat on cellohexose). Its action on tri- and tetrasaccharides 
was slight; in fact, it had no action on polysaccharides with a molecular 
weight below 1,000. Cellobiase acted on compounds of lower molecu¬ 
lar weight. 

Closely related to this group of enzymes are those which attack 
selectively the gums and polysaccharides produced by bacteria. It 
has been found by Dubos, Hirst, and others that certain enzymes can 
attack the cellular structures of pneumococci and of group C strepto¬ 
cocci and, indeed, can protect experimental animals against infection 
with these pathogenic agents. As far as is known, the capsular poly¬ 
saccharides of these organisms are not decomposed by enzymes of 
plant or animal origin, nor are they attacked by common species of 
microorganisms. It is possible, however, to isolate enz 3 anes from 
certain microorganisms (soil-sporulating bacilli and leeches) which 
hydrolyze the specific microbial polysaccharides. These polysac- 
charidases are directed against single specific substances, namely, 
the capsular polysaccharides, and are neither bacteriolytic nor bac¬ 
tericidal in character. 

Diastase or Amylase. Enzymes of this group hydrolyze starch. 
Under favorable conditions the end product of the reaction is maltose, 
as is shown in Table 6. The reaction, however, is more complex than 
this simple equation indicates, since several intermediate compounds 
are produced. Also, ordinary amylase preparations contain several 
enzymes, such as a-amylase, jS-amylase, and amylophosphatase. The 
so-called a-amylase produces maltose (usually a-maltose) very slowly 
from starch but destroys quite rapidly the ability of starch to give a 
blue color with iodine. This enzyme is sometimes spoken of as the dex- 
trinizing enzyme; it is fairly heat-stable but is sensitive to weak acid. 
jS-Araylase, on the other hand, produces maltose (usually /3-maltose) 
rapidly from starch but does not destroy its power to give a blue color 
with iodine for a long time. This enzyme is frequently called the 
saccharifying enzyme; it is heat-labile but resistant to weak acid. 
Amylophosphatase liquefies starch jelly without producing sugar. 
The so-called liver amylase is now believed to be nothing more than 
the enzyme phosphorylase, which catalyzes the breakdown of glycogen 
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in the presence of inorganic phc^phate to glucose-l-phosphate (Cori 
ester). 

The amylase activity of an organism may be .measured in several 
ways. For example, if a small amount of an amylase-producing cul¬ 
ture is added to starch paste containing phenol to prevent growth, a 
decrease in viscosity, a disappearance of the characteristic blue color 
with iodine, and the formation of reducing sugar (maltose) take place. 
These changes, however, do not always follow the same order or occur 
at the same rates. Sometimes there is a rapid liquefaction paralleled by 
a slow maltose formation, whereas at other times there is a very rapid 
formation of maltose but a slow disappearance of products which give 
a blue color with iodine. Because of these inherent irregularities it 
has been quite generally assumed that there are several amylases, or 
that most amylase preparations contain several different enzymes. 

A great many reports have appeared on the amylase activity of 
microorganisms; in fact, the enzyme has been found in bacteria, yeasts, 
molds, and actinomyces [Waksman (1922)]. More work, however, 
has been done on the diastase activity of fungi, particularly Aspergil¬ 
lus oryzae than on any other group of organisms. The important 
factors, such as temperature, pH, buffer, and substrate, gov¬ 
erning the activity of mold amylase have been studied by Luippold 
(1929), Leopold and Starbanow (1943), Hao, Fulmer, and Underkofler 
(1943), and others. Practical use is now being made of fungal amylases 
as saccharifying agents in the alcoholic fermentation of com (see 
pp. 903 to 904 on alcoholic fermentation in Chapter 10). Amylase ac¬ 
tivity by yeasts has been reported by Fermi (1892), Ono (1935), and 
several other workers, in spite of the fact that it has been stated in the 
literature that few, if any, of the true yeasts produce the enzyme. 
Ono (1935) found that yeast amylase exhibits optimum activity at 
pH 6.0 to 6.6 between 22.5° and 30°C. 

A great many bacteria show diastase activity, but only a few ex¬ 
amples will be cited here. Fermi (1892) found that diastase was elabo¬ 
rated by BacMus anthracis, Bacillus subtiKs, Bacillus megaiherium, 
Vibrio comma, Gaffkya tetragena, and most actinomyces tested. The 
enz 3 rme was formed to a very small extent by Escherichia coli, Klebsiella 
pneumoniae, several staphylococci, and red and white yeasts; Pseudo¬ 
monas aeruginosa, Staphylococcus citreus. Vibrio metchnikovi, rose- 
colored yeasts, and Oidium lactis produced none at all. The significance 
of the conversion of starch and some of its fractions to crystalline 
Schardinger dextrins by an amylase preparation from Bacillus macer- 
ans has been discussed by Kerr (1943) and Wilson, Schoch, and Hud- 
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son (1943). Wilson, Schoch, and Hudson believe that macerans 
amylase 

. . . attacks the nonaldehydic terminus of the starch molecule, progressively 
producing crystalline Schardinger dextrins from some basic configuration in 
the starch, and stopping this action only when some irregularity is encountered 
in the molecular structure. In this connection, it is suggested that the limit 
dextrin from this enzymolysis may afford a suitable starting material for iso¬ 
lation of new starch fractions and the identification of ^^irregularities” in con¬ 
figuration. 

Diastase activity by several anaerobic bacilli has been reported on 
several occasions. For example, Johnston and W 5 aine (1935) found 
that the diastase of Clostridium ucetobutylicum has an optimum pH of 
4.8 to 5.0, with a range of approximately pH 2.0 to 7.5. The enzyme 
activity was retarded by sodium acetate, phosphate, and chloride, a 
reaction which is in contrast to the results recorded for the activity of 
diastase from other sources. Fleming and Neill (1927) have also re¬ 
ported amylase activity by Clostridium perfringens. Besides the studies 
just mentioned on extracellular diastase activity by aerobic and anae¬ 
robic bacteria, many other examples could be given, including the re¬ 
port on the intracellular diastase activity of the pneumococcus [Avery 
and Cullen (1920)]. 

Pectinase. Many bacteria and molds have been studied which are 
able to catalyze the hydrolysis of various pectins [Thaysen and Bunker 
(1927)]. Upon hydrolysis, pectins yield pectic acids, which in turn 
break down to sugars and acids, such as galacturonic acids. It is 
thought that pectinase and protopectinase, in combination with other 
enzymes, are responsible for the retting of flax and the autolysis of 
fruits and other vegetable products. An early study was made by 
Jones (1905) on the pectinase activity of several bacteria, and more 
recently Makrinov (1932), Werch, Jung, Day, Friedemann, and Ivy 
(1942), and others have investigated the fermentation of pectin by 
aerobic and anaerobic bacteria. According to Werch and associates, 
the most active pectin-decomposing bacteria isolated from the intesti¬ 
nal tract of dogs belong to the following groups: Aerobacillus, Lacto¬ 
bacillus ^ Micrococcusy and Enterococcus, Harter and Weimer (1921) 
studied the production of pectinase by various molds of the genus 
RhizopuSy and Menon (1934) made a comparison of the enzyme activity 
in extracts from six different species of parasitic fungi. Much inter¬ 
esting information on pectic enzymes will be found in the review by 
Kertesz (1936). 
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Inulase (Inulinase), The enzyme inulase hydrolyzes the polysac¬ 
charide inulin to fructose in a manner similar to that shown in the 
equation in Table 6. Several workers have studied and described 
microorganisms which are capable of fermenting inulin. However, 
the presence of true inulase in these organisms, as demonstrated by 
the formation of fructose, has rarely been demonstrated. Many molds 
apparently produce this enzyme, although Aspergillus niger and As¬ 
pergillus oryzae are the most active. Pringsheim and his associates 
(1931,1932) and Asai (1937) have made extensive studies of the inulase 
activity of certain molds. Asai reported that Aspergillus, Penicillium, 
and Citromyces species were active enzyme producers, whereas Rhizopus 
oryzae and Mucor altemans were negative. The most active enzyme 
preparations hydrolyzed 80 per cent of inulin in 14 to 24 hours at a 
temperature of 50 to 55°C. and a pH of 4.1. The presence of inulinasc 
in yeasts has been questioned by many workers, although Sacchetti 
(1934) reported the enzyme in three different species. For example, 
Saccharomyces fragilis produced more fructose from inulin in 17 hours 
than Aspergillus niger did in 14 days. Several bacteria ferment inulin, 
but the enzyme system has not been systematically studied. In 
pneumococci the enzyme is located intracellularly [Avery and Cullen 
(1920)]. 

2. Trisaccharidases. Raffinase. The trisaccharide raffinose is 
made up of d-fructose, d-glucose, and d-galactose. When hydrolyzed 
by the enzyme raflSnase, this trisaccharide breaks up into fructose and 
the disaccharide melibiose, which consists of d-glucose and d-galactose. 
The melibiose fraction many then be further hydrolyzed by another 
enzyme, melibiase, which splits the molecule into dextrose and galac¬ 
tose. The presence and activity of raffinase in microorganisms have 
not been studied to any extent, although this carbohydrate is fer¬ 
mented by several molds, yeasts, and bacteria. Only a few studies 
will be cited here. Bourquelot (1896) and Dox (1910) demonstrated 
raffinase activity in the molds Aspergillus niger and Pencillium camem- 
bertii, and Kalanthar (1898) reported similar activity in yeast. Many 
bacteria which ferment sucrose also attack raffinose and presumably 
contain raffinase. The enzyme was found to be intracellular in the 
pneumococcus and Clostridium perfringens by Neill and Avery (1924) 
and Fleming and Neill (1927). 

Gentianase and Other Trisaccharidases. The enzyme gen- 
tianase catalyzes the hydrolysis of the trisaccharide gentianose and 
yields fructose and the disaccharide gentiobiose. Gentiobiose may 
then be further hydrolyzed to glucose by the enzyme gentiobiase. 

Other trisaccharides, such as melezitose, are fermented by certain 
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bacteria and must therefore contain enzymes which are capable of 
attacking these compounds. However, specific enzyme studies have 
not been reported. 

3. Disaccharidases. Invertasb (Sucrase). This enzyme has 
been known since about 1860, when Berthelot discovered that under 
its influence dextrorotatory cane sugar was transformed into levorota- 
tory invert sugar. Berthelot described the enzyme as a ‘‘ferment 
inversio’^ and first isolated it from yeast. Since that time many 
microorganisms have been studied which exhibit invertase activity. 
The enzyme is produced by a majority of yeasts and molds and to a 
lesser extent by actinomyces and bacteria [Waksman (1922)]. Bottom 
yeasts contain less invertase than top yeasts, and some species of 
Torula and many wild sugar yeasts are unable to produce the enzyme. 
Adams, Bichtmyer, and Hudson (1943) have recently studied the 
activity of five highly purified invertase preparations obtained from 
both brewers' and bakers' yeast. The enzyme was not specific for 
sucrose alone because the fructofuranoside linkages in raffinose, stachy- 
ose, and other sugars were also hydrolyzed. Isosucrose, a- and i0-dex- 
trins, and melezitose were not attacked. Invertase activity in the 
molds Aspergillus niger^ Aspergillus oryzae, Penicillium glaucum, and 
Penicillium camemhertii has been extensively studied by many workers 
[see also Kertesz (1931), Kirsanova (1936)]. Few of the bacteria pro¬ 
duce invertase. Positive results have been obtained with Bacillus 
megatherium^ Bacillus mesentericusj Proteus vulgaris, Pseudomonas 
JluorescenSj Clostridium perfringens, and to some extent with Vibrio 
comma and Vibrio metchnikovi. Many other species, like the acetic 
acid bacteria and Eberthella typhosa, however, are unable to produce 
invertase. Hotchkiss (1935) showed that Escherichia coli-comynunior 
exhibited sucrase activity, but the enzyme was absent in E, coli, 

Maltase. The enzyme maltase catalyzes the hydrolysis of maltose 
to two molecules of glucose, according to the equation given in Table 6. 
Maltase is apparently elaborated by a great many bacteria, yeasts, 
and molds. In Waksman's (1922) review^ maltase activity is credited to 
many yeasts, including the beer and wine yeasts and Monilia Candida, 
and to many molds of the genus Aspergillus and the Mucors, as well as 
to many bacteria. More recently, intracellular maltase activity has 
been demonstrated in Corynebacterium diphtheriae [Sugg, Fleming, 
and Neill (1927)], meningococci [Neill and Gaspari (1927)], Diplococcus 
pneumoniae [Fleming and Neill (1927)], Clostridium botulinum [Neill 
and Fleming (1927)], and both Escherichia coli and E, colicommunior 
(Hotchkiss (1935)]. Hofmann (1934) and Leibowitz and Hestrin 
(1942) have also demonstrated maltase activity in certain yeasts, and 
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Hestrin (1940) has extensively studied the specificity of mold maltase. 
Hestrin's mold-enzyme preparation hydrolyzed maltose, maltosazone, 
and maltobionic acid, as well as several other sugars. 

Lactase. Lactase converts lactose to glucose and galactose. It is 
generally postulated that organisms which ferment lactose contain the 
enzyme lactase, but actual proof of this is lacking, since the products of 
hydrolysis are not always recovered. Waksman (1922) listed a great 
many microorganisms which exhibit lactase activity, including Escheri¬ 
chia colij Lactobacillus hulgaricuSy Streptococcus lactis, Oidium lactiSj and 
other yeasts and molds. Fleming and Neill (1927) demonstrated an in¬ 
tracellular lactase in Clostridium perfringenSj and Lowenstein, Fleming, 
and Neill (1929) observed a similar endoenzyme in E, coli. The lactase 
activity of E. coli-mutahile was studied by Deere, Dulaney, and 
Michelson (1939) and Deere (1939), who classified the enzyme as con¬ 
stitutive but state, ^The cultural behavior of the organism would lead 
one to class its lactase as an adaptive enzyme.” More recently, 
Knopfmacher and Salle (1941) have studied extensively the lactase 
activity of E. colL Their original paper should be consulted for many 
interesting data. Myrback and Vasseur (1943) have shown that 
Saccharomycesfragilis and Torula cremoris ferment lactose more rapidly 
than they do its hydrolytic products (glucose plus galactose). Thus 
they believe that these organisms ferment lactose directly by an enzyme 
system other than lactase. 

Melibiase. The enzyme melibiase, which hydrolyzes the disac¬ 
charide melibiose to glucose and galactose, has been demonstrated in 
bacteria, yeasts, and molds, although proof of its occurrence as shown 
by the isolation of end products is lacking. No recent studies have 
appeared on this enzyme. 

Cellobiase. Cellobiase catalyzes the hydrolysis of the disaccharide 
cellobiose (or cellose) into two molecules of glucose. The enzyme is 
rather widely distributed among the microorganisms, but quantitative 
data concerning its activity are not available. 

4. Glucosidases. The glucosidases are enzymes which catalyze 
the hydrolysis of glucosides. A glucoside is usually defined as a com¬ 
pound which, upon hydrolysis, yields sugars (glucose) or sugars and 
other products. Therefore, sucrose may be regarded as a fructose 
glucoside, maltose as a glucose glucoside, and lactose as a galactose glu¬ 
coside. Other compounds which do not yield sugars only, however, 
also belong to this group of compounds and may be attacked by en¬ 
zymes. A few typical glucosidases are given in Table 6 and will be dis¬ 
cussed briefly for illustrative purposes. It should be kept in mind 
that enzymes which act on other glucosides, fructosides, pentosides 
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sorbosides, and similar compounds also exist in microorganisms, but 
they are not well understood. 

a- AND /S-Glucosidases. Several enzymes are known which are 
capable of rupturing a- and jS-glucosidic linkages. Often, however, 
their specificity has not been studied very extensively. In fact, it is 
believed by many that, since a-glucosidase is identical with maltase 
and /3-glucosidase is the same as amygdalase of emulsin, too many 
distinctions or groups should be avoided. In Table 6 we have listed 
examples of enzymes which attack a- and jS-methyl glucosides merely 
to illustrate how such enzymes act. Much information on the gluco- 
sidases will be found in the books by Waldschmidt-Leitz and Walton 
(1929), and Buchanan and Fulmer (1930) and in the papers by Neuberg 
and Hofmann (1932) and Hofmann (1934, 1936). 

Phenol, Alcohol, and Related Glucosidases. Several enzymes 
are known which hydrolyze certain glucosides consisting of glucose 
and some other compounds, such as a phenol, alcohol, aldehyde, or 
base. A few examples may be given. 

Arbutinase (arbutase) catalyzes the hydrolysis of the glucoside arbutin 
into glucose and hydroquinone, according to the equation given in 
Table 6. Several reports have appeared in the literature dealing with 
the presence of this enzyme in microorganisms. For example, Brunstein 
(1901) demonstrated arbutinase in the molds Aspergillus niger, Asper-^ 
gillus oryzae, and PcmcilUum glaucunij and Neuberg and Hofmann 
(1932) observed the enzyme in a special enzyme preparation from yeast. 
Its presence has also been demonstrated in bacteria, including Escheri-^ 
chia coli and other intestinal organisms [Twort (1907)], Bacillus my^ 
coides [Glinka-Tschernorutzky (1930)], and several other bacteria 
[Verona and Lucchetti (1931)]. Glinka-Tschernorutzky reported the 
enzyme to be a firmly bound endoenzyme, but this finding has not been 
confirmed. Two other phenol glucosides may be mentioned. Iridinase, 
an enzyme which hydrolyzes iridin to glucose and irigenin, is present 
in E. coli and other related species; and phloridzinase, which catalyzes 
the hydrolysis of phloridzin to glucose and phloretin, has been demon¬ 
strated in several intestinal bacteria [Twort (1907)], as well as in other 
bacteria [Verona and Lucchetti (1931)]. 

Two alcohol glucosidases are coniferase and salicinase, Coniferase 
hydrolyzes coniferin to glucose and coniferyl alcohol. Its presence in 
microorganisms has not been extensively studied, although Twort 
(1907) found that E, colij Aerobacter aerogenes, Aerobacter cloacae^ and 
Klebsiella pneumoniae were able to ferment coniferin. Salicinase splits 
salicin into glucose and saligenin (salicyl alcohol) (HO*C 6 H 4 ‘CH 20 H). 
Its presence in intestinal bacteria is assumed, since Twort (1907) found 
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that six intestinal bacteria, including E. colij ferment salicin. Although 
salicin is commonly used in the bacteriological laboratory today, 
quantitative data on microbial salicinase activity are not available. 

Amygdalase is an example of an enzyme which hydrolyzes aldehyde 
glucosides, since benzaldehyde, hydrogen cyanide, and gentiobiose are 
the end products of the hydrolysis of amygdalin. The enzyme has 
been demonstrated in the molds, Aspergillus niger, Aspergillus glaucus^ 
Penicillium glaucum^ by Brunstein (1901) and others. Yeast also 
contains the enzyme [Neuberg and Hofmann (1932)], and Twort (1907) 
has found it in several intestinal bacteria, its presence having since been 
demonstrated on several occasions by other workers. 

According to the equation given in Table 6, esculase (aesculinase, 
esculinase) hydrolyzes the oxycumarin glucoside esculin to glucose and 
dioxycumarin (esculetin). Several bacteria and molds are known to 
ferment this compound, and apparently they produce the specific 
enzyme. Orla-Jensen (1934) found that esculin was split by lactic 
acid bacteria, many coli-aerogenes bacteria, Leuconostoc mesenteraidesy 
and most streptococci, with the exception of Streptococcus agalactiae 
and Streptococcus thermophilus. Jame, Crosnicr, and Morel (1935) 
studied the action of several intestinal bacteria on esculins, using ferric 
citrate as an indicator. No action was shown by Salmonella paratyphi. 
Shigella dysenteriae, Vibrio comma, Pseudomonas aeruginosa, and Pro¬ 
teus vulgaris, but Escherichia coli, pneumobacillus, and Salmonella 
schoUmttelleri hydrolyzed esculin. Irregular effects were produced by 
Salmonella hirschfeldii, Eberthella typhosa, and Proteus morganii. 

The enzyme of the nucleosidase group split the nucleosides to sugar 
(pentose) and purine and pyrimidine bases. One example is listed in 
Table 6. Little work has been done on enzymes of this class, but there 
is every reason to suppose that they are present in various micro¬ 
organisms, including bacteria. 

Tannase. The enzyme tannase is placed at this point in the classi¬ 
fication since it has been studied rather extensively in reference to the 
hydrolysis of the glucose-gallic acid combination. Its proper location, 
however, may be with the esterases. Tannins vary considerably in 
composition, some being glucosides consisting of gallic acid and glucose, 
whereas others apparently contain phloroglucinol in place of glucose and 
protocatechuric acid instead of gallic acid. The enzyme tannase has 
been demonstrated in several molds by a number of workers. For 
example, Nicholson, Nierenstein, Pool, and Price (1931) observed that, 
in addition to tannase, Aspergillus niger produces an enzyme, pyrogaU 
lose, which acts on gallic acid. Tannase has also been isolated from 
the mycelium of A. niger by Dyckerhoff and Armbruster (1933), who 
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found that their enzyme preparation hydrolyzed several related com¬ 
pounds besides tannin. This enzyme has not been studied recently in 
bacteria or other microorganisms. 

5. Glucoproteinases. The glucoproteinases catalyze the hydroly¬ 
sis of glucoproteins, such as the mucins, which yield albuminous sub¬ 
stances and carbohydrates on hydrolysis. Enzymes of this group are 
not true carbohydrases; neither are they true proteinases. Therefore 
they are placed here provisionally until they are better characterized. 
Only one example will be cited. 

Mucinase. This enzyme or group of enzymes was first isolated from 
broth cultures of Clostridium 'perfrirtgeus by Robertson, Ropes, and 
Bauer (1940). It degrades mucin in two distinct steps: the first results 
in a loss of viscosity and change in precipitability with acetic acid; 
the second liberates free amino sugars and reducing substances and is 
probably a hydrolytic reaction. The enzyme has been purified and con¬ 
centrated 900 times by adsorption on calcium phosphate from a 50 
per cent acetone solution, but very little is known about its general 
properties. Mucinase activity is not peculiar to Clostridium perfringens, 
being present in varying concentrations in the broth cultures of several 
other microorganisms {Streptococcus bovis, Streptococcus hemolyticus, 
Streptococcus viridans), but is entirely absent in others {Escherichia coliy 
Bacillus subtiliSy Proteus vulgariSy Clostridium tetani, Staphylococcus 
aureus). 

III. ENZYMES ACTING ON PROTEINS AND OTHER NITROGENOUS 
COMPOUNDS 

Many very extensive studies have been published on the activities 
of the proteolytic and related enzymes of microorganisms. Onl}’' some 
of the more recent or representative reports will be mentioned here, 
however, because many of the early studies have been reviewed by 
Waksman (1922) and Buchanan and Fulmer (1930). 

1. Protein-Coagulating Enzymes. Several microbial enzymes 
have been described in the literature which are capable of coagulating 
native protein solutions. They will now be briefly discussed. 

Thrombin. Reports in the early literature stated that certain bac¬ 
teria are capable of producing thrombin or some similar substance 
which increases the rate of blood coagulation. Much (1908) regarded 
the enzyme as a thrombokinase. More recently it has been established 
that certain pyogenic staphylococci produce a coagulase which clots 
human plasma [Gross (1931), Chapman et al. (1934)]. The nature of 
these enzymes has not been determined, but, in view of the recent 
study by Almquist et al (1938) on vitamin K production by bacteria, 
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it would seem that some correlation between these studies might be 
established. 

Rennin (Rennet). A number of studies have been published on 
the chemical action of the enzyme rennin, but we shall not attempt 
to review the results. For much interesting information on this point 
the student is referred to the books on enzyme chemistry by Tauber 
(1937) and Sumner and Somers (1943). A rennin-like enzyme is ap¬ 
parently produced by a great many bacteria, yeasts, molds, and 
actinomyces. As brought out by Buchanan and Fulmer (1930), how¬ 
ever, identification of the enzyme purely on the basis of milk coagula¬ 
tion is not sufficient, because many organisms produce enough acid 
in milk to change the reaction (pH) to such a degree that the casein is 
precipitated. It is quite generally assumed that most proteolytic bac¬ 
teria produce a rennet-like enzyme, although few quantitative data are 
available. Wahlin (1928) and Gorini (1930, 1933) have studied the 
elaboration of rennin by bacteria, esj^ecially by Serratia marcescens. 
They found that the enzyme was more heat-stable, less susceptible to 
oxalates, and apparently less sqpceptible to the casein concentration 
than was calf rennin. Also, the bacterial rennin coagulated heated milk 
more readily than did calf rennin. 

ViTELLASE. The enzyme vitellase was first described by Lagrange 
(1926), who demonstrated its ability to coagulate egg yolk. He found 
that Bacillus sinicus, Bacillus anthracoides, and several molds produced 
the enzyme. The reaction occurred in an acid medium in the absence 
of calcium and was complete in a few hours at 37 °C. Apparently this 
work has not been confirmed. 

2. Proteolytic Enzymes, For many years a proteolytic enzyme 
was merely classified as a pepsin, trypsin, or erypsin. Such a simple 
division became inadequate as our knowledge increased on this subject. 
In a more useful classification these enzymes, whether of animal, plant, 
or microbial origin, are divided into two primary classes: proteinoses 
and peptidases. The proteinases hydrolyze natural proteins, including 
some conjugated proteins, and certain simpler synthetic substrates 
which contain a peptide linkage (—CO—NH—), whereas the pepti¬ 
dases split only simple peptides. The proteinases are also sometimes 
classified as endopeptidases, because their point of attack against natural 
proteins is the middle of a long peptide chain; the peptidases are called 
exopeptidases since their point of attack is the end of a peptide chain. 
This differentiation into endo- and exopeptidases may be misleading 
when applied to the proteolytic enzymes of bacteria, because quite 
frequently the same prefixes (endo- and exo-) are used to designate the 
relationship of the enzyme to the cell. Also recent studies by Berg- 



ENZYMES ACTING ON PROTEINS 


519 


mann, Fruton, and their associates [see Fruton (1941)] refute the old 
claim that the action of proteolytic enzymes, such as pepsin, is con¬ 
fined only to proteins of high molecular weight and that simpler sub¬ 
strates are never attacked. 

The following general classification of these enzymes, based on the 
nature of the group attacked and other properties, is now widely 
quoted in the literature: 

A. Proteinoses (proteases) 

1. Pepsins (gastric pepsins) 

2. Trypsins (plant and animal trypsins, etc.) 

3. Chymotrypsin (animal pancreas) 

4. Papains (plant papains) 

5. Other proteolytic enzymes (cathepsin, ficin, bromelin, etc.) 

6. Protaminases (hydrolysis of protamines, peptone-like substances) 

B. Peptidases 

1 . Hydrolysis of —CO—NH—, but not —CO—N\ 

a. Carboxypeptidase 

b. Aminopolypeptidase 

c. Prolinase 

d. Dipeptidase 

2. Hydrolysis of —CO—N\, but not —CO—NH— 

a. Prolidase 

Following this classification, we will now briefly discuss the pro¬ 
teolytic enzymes produced by bacteria. For more details on the re¬ 
actions catalyzed by the proteolytic enzymes a book on enzyme chem¬ 
istry and the numerous papers by Bergmann and his associates [1932, 
to date; also the review by Fruton (1941)] should be consulted. 

a. Bacterial Proteinases. The proteinases catalyze the hydroly¬ 
sis of natural proteins and certain simpler substrates but are inactive 
against the lower degradation products of proteins (certain peptides 
and amino acids). Bergmann and his associates believe that one essen¬ 
tial difference between the animal proteinases and the peptidases is 
that the animal proteinases do not require a free a-amino or a-car- 
boxyl group near the peptide linkage which is to be split; in fact, their 
activity may be inhibited by the proximity of such groups. Although 
additional information is available [see Bergmann and Fruton (1941)] 
on the specificity and other properties of certain animal proteases, 
little or nothing is known about the properties of cell-free bacterial 
proteases. As a matter of fact, in most of the studies using micro¬ 
organisms intact cells, rather than cell-free enzyme preparations, 
have been employed. 
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The proteolytic powers of bacteria vary enormously from one species 
to another, and even two strains of the same species may behave differ¬ 
ently at times. The literature on this subject is very large and con¬ 
tains many contradictory statements concerning the nature and type 
of substrate attacked, the optimum time, temperature, and pH for 
activity, the effect of activators, inhibitors, nutrition, and other fac¬ 
tors. Much of the early work on bacterial proteinases will be found in 
the review by Waksman (1922) and in the books by Buchanan and 
Fulmer (1930) and Stephenson (1939). Only a few representative 
studies will be mentioned in the next few pages because it is difficult to 
evaluate some of the early work on this subject in the light of our 
present knowledge of proteolytic enzymes. 

From a historical standpoint it is interesting to note that Bitter in 
1886 was the first person to demonstrate that the liquefaction of gelatin 
and coagulation of egg white was accomplished by proteolytic enzymes 
elaborated by microorganisms. This observation was soon confirmed 
and extended by many other early workers. It was not until 1916- 
1918, however, that Sperry, Berman, and Rettger and others showed 
that few, if any, highly purified native proteins are attacked by aerobic 
or anaerobic bacteria, unless some other simpler nitrogenous substance 
is present which the bacteria can readily utilize for protoplasmic syn¬ 
thesis. 

The true bacterial proteinases usually diffuse into the culture medium 
and can be separated from the cells by filtration techniques. The type 
of medium upon which the proteolytic bacteria are cultivated often 
greatly influences the activity of the enzymes which they elaborate. 
Many of the earlier investigators noted the absence of filterable enzymes 
when organisms were grown on chemically defined media, but since 
then it has been reported that such enzymes are formed if the media 
are nutritionally balanced. The optimum reaction for the proteinase 
activity of bacteria varies from approximately pH 7.0 to 8.0, with 
maximum activity occurring at about 7.2 [Imaizumi (1938), Masch- 
mann (1937-1939), Weil and his associates (1937, 1939), Elberg and 
Meyer (1939)]. In this respect the proteinases of bacteria may differ 
somewhat from those of plant and animal origin, since the optimum 
pH for pepsin is about 2.0 to 4.0; for trypsin, 8.0 to 9.0; and for papain 
and other plant proteinases acting on gelatin, about 5.0. The optimum 
temperature for the action of the proteinases, regardless of their source, 
is between 35° and 40°C. Their activity rapidly diminishes above 
50°C. Certain bacterial proteinases are quite thermostable. For 
example, Virtanen and Tamanen (1932) showed that the filterable 
proteinases elaborated by a strain of Pseudomonas fluorescens retained 
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about 72 per cent of their activity when heated for 10 minutes at 90®C. 
and 48 per cent at 110®C. but were inactivated in the same time at 
IIS^C. 

Elberg and Meyer (1939) studied the extracellular proteolytic system 
of Clostridium parabotulinum and found that the proteinases which 
catalyze the hydrolysis of gelatin and casein could be inactivated by 
sodium cyanide, hydrogen peroxide, and copper salts. The proteinases 
elaborated by several aerobic and anaerobic bacteria have also been 
studied extensively by Maschmann (1937-1939), Imaizumi (1938), 
Console and Rahn (1938), and Weil, Kocholaty, and Smith (1939). 
In general these workers have shown that the extracellular proteinases 
of such anaerobic bacilli as Clostridium histolyticum^ Clostridium sporo^ 
genes, Clostridium perfringens, Clostridium putrificum, and Clostridium 
hotulinum catalyze the hydrolysis of gelatin, casein, Witte peptone, 
and clupein. In certain species the hydrolysis of gelatin required no 
activation. In other substrates, however, activation by cysteine or 
some other —SH compound and inorganic ions such as Fe'^'^ was 
necessary before the enzymes exhibited their maximum activity. The 
proteinase systems of facultative anaerobes, such as Proteus vulgaris, 
resembled the proteinases of the Clostridia in activation behavior, 
whereas the proteinases of certain aerobic organisms, such as Bacillus 
mycoides, were partially inhibited by cysteine but were activated by 
a combination of cysteine and ferrous iron. 

The proteinases of yeasts and molds have been studied quite exten¬ 
sively. The early literature on this subject has been reviewed by Waks- 
man (1922) and Buchanan and Fulmer (1930). More recently, how¬ 
ever, Hecht and Civin (1936) isolated a proteolytic enzyme from yeast 
which exhibited its greatest activity at pH 1.8 and resembled pepsin. 
An enzyme resembling trypsin was also found, but in a concentration 
considerably less than that of the pepsin-like enzyme. Berger, John¬ 
son, and Peterson (1937) noted that Aspergillus parasiticus secretes 
proteinases which hydrolyze gelatin, lactalbumin, casein, egg albumin, 
and edestin to the extent of 82 to 100 per cent. Many other interesting 
data will be found in these studies by Hecht and Civin and by Berger, 
Johnson, and Peterson. 

Other systems which are sometimes classified as proteinases include 
pyocyanase, the bacteriolytic enzyme elaborated by Pseudomonas 
aeruginosa and first described by Emmerich and Low in 1898, bacterial 
hemolysins, and bacteriophage. 

b. Bacterial Peptidases. The peptidases split the intermediate 
degradation products of proteins and certain synthetic peptides but 
are without action on proteins and single amino acids. Most pepti- 
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dases require peptide hydrogen for their action and differ from the 
proteinases in that they attack only terminal linkages; for this reason 
the peptidases are usually divided into several classes. These classes 
will be discussed in the next few pages. 

Many early workers reported that bacteria, yeasts, and molds possess 
peptidases. More recently, extensive studies have been carried out by 
Gorbach (1930), Imaizumi (1938), Berger, Johnson, and Peterson 
(1938), El^rg and Meyer (1939), Maschmann (1939), Berger, Johnson, 
and Baumann (1941), and Johnson (1941). 

Carhoxypeptidase. The enzyme carboxypeptidase requires a carboxyl 
group for its action and attacks the end of the peptide chain which bears 
this particular group. The necessary groups for carboxypeptidase are 
seen in the following peptide structure: 

—NH • CH • CO—NH • CH • COOH 
R R' 

Peptide Free carboxyl 

linkage group 


In 1934 Bergmann and his associates pointed out that the carboxy¬ 
peptidase isolated from the pancreas differs from most of the other 
enzymes of this class, since its activity is not limited to the hydrolysis 
of true polypeptides. For example, it hydrolyzes chloracetyl-Z-tyrosine 
(I) easily, as well as pyruvoylphenylalanine (II), d-tyrosyl-i-arginine 
(III), and d-tyrosyl-i-tyrosine. 


Cl • CH2 • CO—NH • CH • COOH 

CH2C6H4OH 


CH 3 • CO • CO— NH • CH • COOH 

I 

CH2C0H6 

II 


C6H4(0H)CH2CHC0—NHCHCOOH NH 

I I ^ 

NH 2 (CH2)3NH-C 

\ 

NH 2 

III 


It will be seen that all these peptides contain a free carboxyl group 
attached to the carbon atom adjacent to the peptide linkage. The 
presence of the carboxyl group in this position is essential if the com¬ 
pound is to be split by a carboxypeptidase. In pyruvoylphenylalanine 
(II) the carbon atom linked to the carboxyl group of the peptide linkage 
does not bear a hydrogen atom. The fact that such a compound is split 
by carboxypeptidase distinguishes the enzyme from the dipeptidases. 
Although these three or four dipeptides are attacked by carboxypepti¬ 
dase, most dipeptides are resistant to the enzyme, because the free 
amino group adjacent to the peptide linkage exerts an inhibitory effect 
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on its action. However, in tyrosylarginine (III) and tyrosyltyrosine 
the inhibitory effect is not strong enough to prevent the action of car- 
boxypeptidase. 

Bergmann, Zervas, and Schleich (1934) have shown also that, even 
though chloracetyl-i-tyrosine (I) is attacked by carboxypeptidase, the 
corresponding N-methyl derivative (IV) is not split. This fact led 
them to conclude that the peptide hydrogen is indispensable for the 

Cl • CH 2 • CO—N(CH3) • CH • COOH 

I 

CH2C6H4OH 

IV 

action of this enzyme. The configuration of the amino acid carrying 
the free carboxyl group is often of considerable importance in de¬ 
termining the catalytic activity of carboxypeptidase. For example, 
the pancreatic enzyme will split carbobenzoxyglycyl-i-alanine, but 
not the corresponding d-alanine compound [Bergmann and Fruton 
(1937)]. On the other hand, extracts from certain bacteria have 
the ability to split the d form of certain peptides almost as rapidly 
as the I form. 

Only a few bacteria have been tested for their ability to form carboxy¬ 
peptidase. Since the extracellular proteolytic system of Clostridium 
parabotulinum does not decompose chloracetyl-J-tyrosine, it indicates 
that the enz 5 rme is absent in this organism [Elberg and Meyer (1939)]. 
Similar results have been reported by Berger, Johnson, and Peterson 
(1938), who studied the endoenzymes of several bacteria, including 
Leuconostoc rmsenieraides, Escherichia coli, and Bacillus megatherium. 
Before it can be stated that bacteria in general do not produce car¬ 
boxypeptidase, other studies must be carried out on a. great variety 
of species. 

Aminopolypeptidase. This enzyme, which requires for its action 
a free amino group or a basic nitrogen atom carrying at least one hy¬ 
drogen atom, attacks the end of the peptide chain which carries this 
group. For example, Grassmann and Dyckerhoff (1928), working with 
yeast and animal peptidases, have shown that dZ-leucylglycylglycine 
(V) is hydrolyzed to dZ-leucine and glycylglycine, and glycylglycine-Z- 
leucine (VI) gives glycine and glycyl-Z-leucine. 

C 4 H 9 CH • CO—NH • CH 2 • CO—NH • CH 2 • COOH 

I T 

NH2 

V 

CH 2 • CO—NH • CH 2 • CO—NH • CH • COOH 

I T T 

NH 2 C 4 H 9 


VI 
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Bergmann and Fruton (1937) have shown that pure aminopolypepti- 
dase is incapable of splitting i-alanylsarcosylglycine (VII), a compound 
which does not carry a hydrogen atom on the peptide linkage adjacent 
to the free amino group, that is, on the peptide linkage which is nor¬ 
mally split by aminopeptidase. 

CHa • CH • CO—N(CH3) • CH 2 • CO—NH • CH 2 • COOH 
NH 2 

VII 

They conclude, therefore, that this enzyme requires a peptide hydro¬ 
gen for its action and thus in this respect resembles carboxypeptidase, 
dipeptidase, and prolinase. For additional reading on this subject the 
review by Johnson and Berger (1941) should be consulted. 

Most of the bacteria so far studied are able to hydrolyze dWeucyl- 
glycylglycine and thus possess aminopolypeptidase. Gorbach (1930) 
observed that the culture filtrate of Pseudomonas aeruginosa contained 
aminopolypeptidase which had an optimum pH of 8.4. Weil and 
Kocholaty (1937) determined the activity of the same enzyme from 
Clostridium histolyticum filtrates, and Elberg and Meyer (1939) ob¬ 
served the enzyme in the cell-free filtrates of Clostridium parabotulinum 
cultures, using a medium buffered at pH 7.8. Maschmann (1937-1939) 
found aminopolypeptidase in the supernatant fluids of several bacterial 
cultures, including Clostridium botulinum, . Clostridium sporogenes, 
Clostridium perfringens, Serratia marcescenSj Ps, aeruginosaj and other 
anaerobic and aerobic bacteria. Intracellular aminopolypeptidase has 
been demonstrated in several common bacteria, such as Staphylococcus 
aureus and Eberthella typhosa [Imaizumi (1938)], Leuconostoc mesen- 
teroideSj Phytomonas tumefaciens, Proteus vulgaris. Pseudomonas fluor- 
escens, Bacillus subtilis. Bacillus megatherium, Clostridium butylicum, 
and Escherichia coli [Berger, Johnson, and Peterson (1938), Berger, 
Johnson, and Baumann (1941)]. The pH-activity curves for several of 
these enzymes were carefully determined. Tissue extracts from animal 
sources hydrolyze d-leucyl peptides much more slowly than the Z-leucyl 
forms, but, as pointed out by Berger and his associates, extracts from 
some bacteria have the ability to split the d form almost as rapidly as 
the I form. For example, peptidases from L. mesenteroides and CL 
butylicum are able to hydrolyze d-leucyldiglycine at least one-fifth to 
one-half as rapidly as dZ-leucyldiglycine, but extracts from B. megath¬ 
erium and Ps. fluorescens exhibit more optical specificity and split the 
d form much more slowly than the I form. 
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Johnson (1941) has highly purified an aminopolypeptidase from 
brewers^ yeast. It behaves as a homogeneous protein on electrophoresis 
and ultracentrifugal sedimentation and has a molecular weight of about 
700,000. The enzyme hydrolyzes the peptide linkage adjacent to the 
free amino group of the peptide chain. It splits tripeptides much more 
rapidly than dipeptides. A carboxyl group is not needed for its activity. 
Zinc ions and halide ions appear to be essential activators. 

Prolinase and Prolidase. Prolinase has been shown by Grassmann, 
Dyckerhoff, and Schoenebeck (1929) to be capable of splitting peptides 
in which the carboxyl group of proline participates in the peptide 
linkage, for example, prolylglycine (VIII). Such peptides are appar¬ 
ently resistant to the action of all other enzymes, although they con¬ 
tain the linkage —CO—NH—. 

HaC-CH2 

I I 

II 2 C CH • CO—NH • CH 2 * COOH 

\ / 

NH 

VIII 

Berger, Johnson, and Peterson (1938) used di-prolylglycine and dh 
prolyldiglycine in their study on the intracellular peptidases of Leucon- 
ostoc mesenteraides j but the compounds were attacked very slowly, if 
at all. Additional studies are needed on this subject before it can be 
stated definitely whether this enzyme is produced by bacteria. 

Bergmann and Fniton (1937) have shown that ordinary preparations 
of aminopeptidase contain a second enzyme, 'prolidase^ capable of 
splitting peptides in which the imino group of proline is bound in the 
peptide linkage; that is, it splits the linkage —CO—N<(. Examples 
of such a linkage are found in glycylproline and J-alanyl-Z-proline (IX). 

H 2 C-CH 2 

I I 

H 2 C CHCOOH 

\ / 

CH3*CH(NH2)C0—N 
IX 

The action of this enzyme seems to be limited to the splitting of pep¬ 
tide linkages containing proline nitrogen. The presence of prolidase 
in bacteria has apparently not been studied. 

Dipeptidase. The activity of dipeptidases is limited to the hydrolysis 
of dipeptides and requires the presence of free amino and carboxyl 
groups, peptide hydrogen, and hydrogen in the position a and a', as in- 
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dicated in the following formula [Bergmann and Zervas (1934), Grass- 
mann and Schneider (1934), Bergmann ei al. (1935)]: 


a'-Hydrogen c/>Hydrogen 

X X 

H R' H R 


\ / \/ 

NH2 • C—CO—NH—C • COOH 

I 

Peptide-Hydrogen 


In such peptides one carbon atom adjacent to the peptide linkage 
carries a free amino group, and the other carries a free carboxyl group. 
All peptides containing naturally occurring amino acids, but not those 
\vith imino acids linked through a normal peptide bond, contain such 
groups, and all are split by dipeptidases. A normal peptide bond is 
one between the a-NHa group of one amino acid and the a-COOll of 
another. In dipeptides containing two monoamino monocarboxylic 
acids the peptide link must always be of this type, but it need not 
when one of the members is a basic or dicarboxylic amino acid. If 
either the amino or the carboxyl group involved in the peptide linkage 
is not in the a-position, then the peptide will not be split by diix'pti- 
dase; this enzyme will not split /S-Z-aspartylglycine [Grassmann and 
Schneider (1934)] nor/3-Z-aspartyl-Z-tyrosine: 

COOH • CH • CH 2 CO—NH - CH • CH 2 • C 6 H 4 • OH 
NH 2 COOH 

because in both the free amino group is further removed from the pep¬ 
tide linkage than it is in normal dipeptides (a-peptides). Nor will it 
split glycyl-p-aminobenzoic acid [Bergmann et al, (1935)]: 

CH 2 • CO—NH • C 6 H 4 • COOH 

I 

NHz 

because it lacks a free carboxyl group on the carbon atom adjacent 
to the peptide linkage. 

Evidence for the necessity of a free amino group for dipeptidase 
action is to be found in the fact that both N-methyl-dZ-leucylglycine 
(X) and sarcosyl-t-tyrosine (XI) are resistant to its action [Bergmann 
et al. (1935)]. 

(CH3)2 • CH • CH 2 * CH • CO—NH • CH 2 

I I 

NH-CHa COOH 

X 

CH 2 • CO—NH • CH • CHz • C 6 H 4 • OH 


NHCHs COOH 

XI 
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It is also known that a free carboxyl group is necessary for the 
activity of dipeptidase. This is shown by the fact that, according to 
Bergmann and his associates, dipeptidase is unable to hydrolyze 
glycyl-p-nitraniline. 

CH2 • CO—NH—C6H4 • NO2 


NH2 


The necessity of the peptide hydrogen for dipeptidase activity is 
shown by the fact that this enzyme will not hydrolyze glycylsarcosine 
(XII), glycyl-Z-proline, or Z-alanyl-Z-proline. 

CH2CO—N(CH 3 )CH 2 
NH2 COOH 

XII 

Considerable evidence has accumulated which points to the fact 
that the a- and a'-hydrogen atoms are essential for dipeptidase activity. 
Bergmann and Zervas (1934), for example, found that a purified di¬ 
peptidase could not split Z-alanylaminoisobutyric acid, aminoiso- 
butyrylglycine (XIII), or glycyldehydrophenylalanine (XIV). 

(CH3)2C • CO—NH • CH2 CH2 • CO—NH • C: CH • CeHg 

II II 

NH2 COOH NH2 COOH 

XIII XIV 


For more information on the absolute specificity of the dipeptidases, 
concerning which there is some controversy, Tauber (1937) and 
Johnson and Berger (1941) should be consulted. 

Very few studies are available on the hydrolysis of dipeptides by 
bacteria and other microorganisms. Berger, Johnson, and Peterson 
(1938) reviewed the early literature on this subject and presented some 
interesting experimental data of their own. Some of their results will 
be found in Table 7. The interesting observations by Gauze (1942) 
on the peptidase activities of sinistral (normal) and dextral (abnormal) 
strains of Bacillus mycoides may also be mentioned. Autolysates from 
sinistral strains of this organism are unable to attack d-leucylglycine, 
but the dextral strains easily split the unnatural isomer of the dipep¬ 
tide. Thus it is believed that the inversion of the colony form on the 
part of the organism is associated with the optical inversion of its pro¬ 
teolytic enzymes. Other studies in which the dipeptidase activity of 
bacteria has been given attention are those by Gorbach (1937), Imai- 
zumi (1938), Maschmann (1937—1939), Berger, Johnson, and Baumann 
(1941), and Johnson and Berger (1941). 

3. Nucleases. The designation nuclease should probably be con¬ 
fined to enzymes which hydrolyze the various plant and animal nucleic 
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TABLE 7 

Hydrolysis ♦ of Synthetic Peptides by Escherichia coli and 
Bacillus megatherium Peptidases 


[From Berger, Johnson, and Peterson (1938)] 


Substrate 

1 

Escherichia coli 
Peptidase f 
(Aerobic Preparation) 

Bacillus megatherium 
Peptidase t 

Per Cent Hydrolysis of One Linkage 

1 Hour 

6 Hours 

24 Hours 

1 Hour 

6 Hours 

24 Hours 

di-Alanylglycine 

94 

100 

107 

41 

88 

94 

dZ-Leucylglycine 

41 

100 

101 

13 

47 

83 

(f^Leucylmethylamine 

4 

9 

12 

1 

5 

6 

Diglycine 

50 

84 

90 

9 

31 

49 

Glycylmethylamine 

2 

4 

12 

0 

0 

0 

Sarcosylglycine 

0 

5 

23 

0 

0 

3 

Sarcosyl-Z-tyrosine 

0 

2 

4 

0 

1 

10 

dZ-Alanyldiglycine 

67 

184 

201 

11 

47 

138 

dZ-N-Methylalanyldiglycine 

4 

20 

58 

4 

5 

65 

dZ-Leucyldiglycine 

34 

162 

202 

36 

102 

136 

dZ-N-Methylleucyldiglycine 

6 

1 13 

83 

1 

1 

7 

Triglycine 

40 

j 140 

183 

0 

1 

18 

Sarcosyldiglycine 

6 

' 29 

169 

1 

3 

35 

Benzoyldiglycine 

0 

1 

1 

0 

0 

0 

Tetraglycine 

33 

164 

272 

2 

4 

16 

Chloroacetyl-Z-tyrosine 

0 

0 

1 1 

1 

1 

6 


♦ Data are expressed as per cent hydrolysis of one optical component of racemic 
peptides. Thus 200 per cent splitting of alanyldiglycine means that two linkages 
(presumably of the natural form of the peptide) have been completely hydrolyzed 
with the formation of three amino acid molecules. 

t In all determinations 0.40 ml. crude E, coli enzyme solution (corresponding to 
36.9 mg. wet cells), and 0.30 ml. crude B. megatherium enzyme solution (correspond¬ 
ing to 60 mg. wet cells), respectively, were used per 3 ml. of reaction mixture. 

acids with the fonnation of nucleotides. Often included in this group, 
however, are enzymes which split nucleic acids into all their simpler 
constituents. 

The most complete study on bacterial nuclease is that by MacFad- 
yen (1934), who studied the activity of Bacillus subtilis, Bacillus 
vulgatuSf and Bacillus megatherium. He showed that a 3.2 per cent 
solution of yeast nucleic acid was 80 to 86 per cent decomposed by 
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B. suhtilia nuclease in 48 hours at pH 6.6. The decomposed solu¬ 
tion was fractionated into undecomposed nucleic acid by the use of 
uranyl chloride (1.25 per cent) in trichloracetic acid (10 per cent); at 
pH 6.8 the nucleic acid was precipitated, but the nucleotides and smaller 
units remained in solution. The supernatant solution was then treated 
with lead acetate at pH 6.8 to remove the nucleotides. From this pro¬ 
cedure four fractions were obtained: (1) the sodium carbonate solu¬ 
tion of the uranyl trichloracetic precipitate; (2) the filtrate from the 
uranyl chloride precipitation; (3) the supernatant after treatment with 
neutral lead acetate and removal of lead; (4) the unfractionated culture 
mixture. Each fraction was then analyzed for total nitrogen and inor¬ 
ganic and total phosphorus. Some of the typical results on fractions 
1 and 2 are summarized in Table 8, which also shows the most favora¬ 
ble pH for the nuclease activity of B, subtilis. 

TABLE 8 

Optimum Hydrogen-Ion Concentration for Disintegration op Yeast 
Nucleic Acid (3.2 Per Cent) by Cultures op Bacillua avbtilis at 37.6® C. 

fob 48 Hours 

[From MacFadyen (1934)] 


pH 

Total Nitrogen 
(N) 

Nucle¬ 

ase 

Activity 
ic) t 

Total Phosphorus 

(P) 

Nucle¬ 

ase 

Activity 

(/)t 

P ; N Ratio 

Frac¬ 
tion 1 * 
(a) 

Frac¬ 
tion 2 
(« 

Frac¬ 
tion 1 

(d) 

Frac¬ 
tion 2 
(e) 

Frac¬ 
tion 1 

1 d 

a 

Frac¬ 
tion 2 

e 

b 


mg. 

mg. 

per cent 

mg. 

mg. 

per cent 



6.0 

12.9 

14.9 

63.6 

7.18 

8.72 

64.9 

0.66 

0.59 

6.6 

6.8 

22.9 

80.0 

2.48 

13.62 

84,6 

0.43 

0.59 

7.2 

7.1 

20.8 

71.0 

3.64 

12.46 

78.0 

0.60 

0.60 

7.8 

12.7 

14.7 

63,6 

7.42 

8.61 

63.4 

0.68 

0.58 

8.2 

17.9 

9.4 

34.4 

10.61 

6.43 

34.1 

0.69 

0.68 


* Fraction 1, carbonate solution of the uranyl chloride precipitate; Fraction 2 
the uranyl chloride supernatant fluid. 


tc = 


h 

6 + a 
e 

d -f « 


X 100. 
X 100. 
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4, Amidases. The enzymes of this general group open carbon- 
nitrogen linkages in amino acids and acid amides. Usually two sub¬ 
groups are recognized on the basis of the substrate which they attack: 
( 1 ) the desaminases (aminoaczdases), which liberate ammonia from 
amino acids; and ( 2 ) the desamidases (amidases), which split acid 
amides and related compounds to ammonia and/or other products. 
Only a few examples will be mentioned here, because some of the en¬ 
zymes of the two subgroups have not been studied very extensively 
in bacteria, and the available data on the enzymatic production of 
ammonia from various amino acids can better be allocated to Chapter 9 
on nitrogen metabolism. 

Arginase. The enzyme arginase hydrolyzes arginine to urea and 
ornithine, according to the equation given in Table 6 . Its activity 
may be recognized by the increase in formol titration after hydrolysis, 
since arginine has only one NH 2 group which reacts with formalin, 
urea has none, and ornithine has two. 

Arginase activity has been demonstrated in bacteria, yeasts, and 
molds. For example, Hino (1924) found the enzyme in young killed 
cultures of Pseudomonas aeruginosa and Pseudomonas Jluorescens, but 
it was absent in several other species examined. More recently, 
Tomota (1940, 1941) has reported that acetone-ether dried powders 
from Staphylococcus aureus, Staphylococcus albus, Staphylococcus 
citreus, and Bacillus subtilis possess strong arginase activity. Powder 
obtained from Sarcina was fairly active, but powders from strepto¬ 
cocci, Mycobacterium phlei, Proteus, Pseudomonas aeruginosa, and 
Serratia marcescens showed weak and variable arginase activity. Some 
of the properties of the preparations obtained from staphylococci may 
be cited as rather typical data. The enzyme has an optimum activity 
at pH 9.0 and is strongly activated by 0.002 to 0.0005 M MnS 04 or 
0.001 to 0.0005 M CdS 04 . Neither Ni, Co, nor Fe ions exert any 
effect, but the earth alkalies (Ca, Ba ions) are inhibitory. The enzyme 
will withstand 50°C. for 30 minutes but is inactivated between 65° 
and 80°C.; it is inactivated by chloro- or iodoacetic acids but is re¬ 
sistant to the action of animal proteases. 

Ackermann (1931) has obtained citrulline, NH 2 • CO • HN • CH 2 • CH 2 • 
CH 2 • CHNH 2 • COOH, from arginine, and Horn (1933) reported similar 
results with Pseudomonas aeruginosa. The reaction probably takes 
place by a hydrolytic deamination of arginine: 

NH^ 

>C • NH • (CH 2)3 ' CHNH 2 • COOH 

NH2/ 

Urease. Urease hydrolyzes urea to ammonium carbonate and/or to 
CO 2 and NH 3 , according to the general equation given in Table 6 . 
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There is some question as to whether the reaction proceeds directly 
to the carbonate, or whether ammonium carbamate is an intermediate 
product. 

HgN CO-NHa + H2O H2N CO2 NH4 

H2N-C02-NH4 + H 2 O (NH4)2C03 

Even though most workers are of the opinion that carbamate Ls an 
intermediate product, they are not all in agreement as to whether it 
is the only one. 

Detailed descriptions of the urea-fermenting bacteria were published 
by several early workers, especially by Viehoever (1913), whose publica¬ 
tion covers some 50 pages. More recently, Gibson (1935) has published 
a description and classification of the bacteria which actively decom¬ 
pose urea. In addition to the well-known species, such as Bacillus 
pasteurii and Sarcina ureaCj he recognized several new bacilli which were 
quite active in decomposing urea. Wohlfeil and Weiland (1937) re¬ 
ported that Proteus strains, Corynehacterium pseudodiphtheriae, and 
Mycobacterium pseudotuberculosis produce urease, but Escherichia coli 
and several other species never produce the enzyme. Utzino, Iinai- 
zumi, and Nakayama (1938) also found that urea was easily hydrolyzed 
by Proteus vulgaris or Staphylococcus aureus, moderately attacked by 
Bacillus subtilis and Pseudomonas aeruginosa, but only slightly decom¬ 
posed by intestinal bacteria, such as Eberthella typhosa. 

The yeasts, Torula rubescens, Torula rubra, and Schizosaccharomyces 
santawensis, produce urease, according to Sakaguchi and Shizume 
(1937), and a similar activity is exhibited by the molds, Aspergillus 
niger and Penicillium glaucum [Miwa and Yoshii (1934)]. 

Hippuricase (Histozyme). This desamidase hydrolyzes hippuric 
acid to benzoic acid and glycine (Table 6). It also attacks certain hom¬ 
ologs of hippuric acid, such as d-a-benzoylaminobutyric acid, Z-benzoyl 
leucine and benzoyl-a-alanine, but exhibits no action on benzoyl-/9- 
alanine and other similar compounds [Waksman and Davison (1926)]. 
The enzyme has been demonstrated in several plant and animal tissues, 
as well as in several fungi, such as Aspergillus oryzae [Neuberg and 
Rosenthal (1924)]. The occurrence of the enzyme in bacteria has not 
been studied very extensively. Seo (1908) reported that several bac¬ 
teria, including Staphylococcus aureus, were able to catalyze the hy¬ 
drolysis of hippuric acid, and he demonstrated benzoic acid and glycine 
as the end products. More recently, Tomota and Saito (1940) ob¬ 
served that dried (acetone-ether extracts) preparations of Bacillus 
subtilis, staphylococci, sarcinae, and the timothy bacillus attacked 
hippuric acid, but those from Escherichia coli, Proteus vulgaris, and 
Serratia marcescens were unable to alter the compound. 
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Purine Desamidases. There are a great number of known sub¬ 
stances of the so-called purine group. Guanine and adenine, however, 
are the only naturally occurring purine bases in the nucleic acids. The 
oxypurines, xanthine and hypoxanthine, are derived from these by the 
action of acids or enzymes. Purine, the mother substance of the purine 
bases, does not occur in nature but has been synthesized and has the 
following structure, the ring being numbered according to the diagram: 

N—CH 
11 6 | 

HC2 sC—NH 

sCH 

TU_ n _M 

The microbial enzymes which attack the various purine derivatives 
have not been studied very extensively. Therefore, only one or two 
examples will be cited here. 

Chianase is an enzyme which deaminates guanine to produce xanthine 
and ammonia, according to the equation given in Table 6. Under 
aerobic conditions xanthine may be further broken down to uric acid 
by the enzyme, xanthine oxidase. Guanase has been demonstrated in 
yeast by Straughn and Jones (1909), but has not been studied very 
extensively in other microorganisms. Barker and Beck (1941) in¬ 
cluded guanine in their study of the anaerobic decomposition of purines 
by the enzymes of Clostridium acidi-urid and Clostridium cylindro- 
sporum. Their data show that the enzyme systems and intermediate 
compounds known to be involved in the breakdo^vn of purines by 
animal and plant tissues and by aerobic microorganisms are not in¬ 
volved in the dissimilation processes of these anaerobic bacteria. For 
example, the products formed by the anaerobic decomposition of 
guanine are ammonia, carbon dioxide, and acetic acid. Although the 
detailed mechanism of the anaerobic processes is obscure. Barker and 
Beck believe that the processes represent oxidations in which carbon 
dioxide acts as the ultimate hydrogen acceptor and is reduced to acetic 
acid. 

Adenose deaminates adenine to produce hypoxanthine and ammonia. 
The hypoxanthine (6-oxypurine) may then be oxidized to xanthine 
(2:6-dioxypurine) by the enzyme, hypoxanthine oxidase. The presence 
of adenase in microorganisms has received little attention in the past 
from the bacteriologist. More recently, however, Lutwak-Mann 
(1936) has studied the decomposition of adenine compounds by several 
bacteria. The following compoimds were decomposed aerobically and 
anaerobically: adenosinetriphosphoric acid, muscle adenylic aoid, yeast 
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adenylic acid, adenosine, and adenine. The first three were both deami- 
nated and dephosphorylated, but adenosine and adenine were only 
deaminated. The end product of decomposition was hypoxanthine. 



A. AOCNINC 

• AOCNINC ♦ y/9 PHOSPHATE H. VC AST ADENYLIC ACID 

C ADCNOSINC I. AOENOSINCTRIPHOSPHONIC AQO 

0 AOCNOSINC ♦ PHOSPHATE 

C. MUSCLE ADENYLIC ACID 

r. MUSCLE ADENYLIC ACID ♦ h/sO PHOSPHATE 

C. MUSCLE ADENYLIC ACID f ln^SO PHOSPOCLVCCAATC 

Fia. 4. Deamination of Adenine Compounds by Escherichia ccii after 1 hr. of 
Incubation. (From Lutwak-Mann, 1936.) 

Some of the interesting data in Lutwak-Mann’s article are shown in 
Table 9 and Figs. 4 and 5. In Fig. 4 it will be seen that the presence of 
phosphate increases the deamination of adenine and adenosine but 


AOCNOSINETRIPHOSPHOWC ACID 

I BACTCWA 

MUSCLCCSKELCTAL AND 
YEAST MACERATION On^CI 


ADENYLIC ACID + H/q, 



Fig. 6. Scheme for the Breakdown of Adenine Compounds by Bacteria, Yeast 
Extract, and Muscle. (From Lutwak-Mann, 1936.) 
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decreases the percentage of muscle adenylic acid decomposed by 
Escherichia coli. Figure 6 shows a comparison between Lutwak- 
Mann^s results with bacteria and those already known for frog, skeletal, 
and heart muscles and also for yeast maceration extract. 

TABLE 9 

Deamination of Adenine Compounds by Bacteria 


[From Lutwak-Mann (1936)] 


Organism 

Time of 
Incuba¬ 
tion 

(37" a, 

pH 7.0), 
hours 

Per Cent Deamination of 

Adcno- 

sine- 

triphos- 

phoric 

Acid 

Muscle 

Ade¬ 

nylic 

Acid 

Yeast 

Ade¬ 

nylic 

Acid 

Adeno¬ 

sine 

Adenine 

Shigella dispar 

1 


52 

28 

76 

8 




83 

67 

93 

25 





94 

100 

61 

Aerohacter cloacae 

1 

14 


38 

86 

34 


2 

29 


67 

93 

54 


4 

58 


88 

100 

79 

Aerobacter aerogenes 

1 

94 

94 

83 

87 

60 



98 

94 

86 

92 

66 





95 

100 

83 

StreptococciLS fecalis 




m 


18 

Pseudomonas aeruginosa 

1 


10 

15 

50 

47 


■i 


20 

15 

96 

82 


Barker and Beck (1941) found that Clostridium acidi-urici deami- 
nated adenine, adenosine, and adenylic acid under anaerobic conditions, 
but its activity was fairly weak. When other purines, such as caffeine 
(trimethyl purine), theobromine, and theophylline (dimethyl purines), 
were tested, they were not attacked. 

5* Creatininase. By the use of media containing creatinine, 
Dubos and Miller (1937) isolated bacteria from the soil which are cap¬ 
able of rapidly destroying creatinine. Since this destruction takes 

































ENZYMES ACTING ON PROTEINS 


535 


place only in the presence of air, it is evident that an oxidative enzyme 
system of some type is involved. However, little is known about the 
mechanism other than the fact that a molecule of urea and one of 
ammonia are formed from each molecule of creatinine. Therefore the 
enzyme may be tentatively placed in the group which acts on nitroge¬ 
nous substances rather than with the true oxidases. 

Since most other compounds which give a positive Jaffe test for 
creatinine are not attacked (Table 10), use of the bacterial enzyme 

TABLE 10 

Enzymatic (Bacterial) Decomposition of Japfe-Reactive Substances Re¬ 
lated TO OR Associated with Creatinine (Incubated 1 Hour at 37® C., 

pH 7.0) 

[From Dubos and Miller (1937)] 



Percentage Decomposition 


Measured by Change in 


Jaffe Reaction * 


Enzyme Preparation 

Compound 

NC 

HR 

Creatinine 

100 

100 

6-Methylcreatininc 

0 

0 

Dimethylcreatininc 

0 

0 

Acetylcreatinine 

lot 


4- (or 5-) Benzoylcrcatinine 

0 

0 

5-Benzylcreatinine 

0 

0 

2-Benzylcreatinine 

0 

0 

Glycocyamidine 

lot 

5 

5-Methylglycocyamidine 

lot 

0 


♦ This reaction is based upon the characteristic property possessed by creatinine 
of yielding a definite color reaction (red creatinine picrate) in the presence of picric 
acid in alkaline solution. 

t Acetylcreatinine does not undergo further destruction when the incubation 
period is prolonged, whereas glycocyainidine and 6-methylglycocyamidine are com¬ 
pletely decomposed if the incubation is continued for some hours. 

preparations is considered a valuable tool in creatinine determination. 
Because one molecule of urea is always formed from creatinine by 
the enzyme, Dubos and Miller believe that a quantitative urea determi¬ 
nation is more reliable for the estimation of creatinine than is the Jaffe 
test. 

6. Nitratase (Nitrate Reductase). The enzyme nitratase was first 
observed in Escherichia coli, by Green, Stickland, and Tarr (1934). 
Although it is probably a true desmolase, it will be discussed here as an 
enzyme which acts upon nitrogenous substances. When nitrate is 
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added to a mixture of the enzyme preparation (crushed cells of E. colt) 
and reduced methylene blue (Mb- 112 ), it is rapidly reduced to nitrite, 
and simultaneously the indicator is oxidized to its colored form: 

Mb-Hg + HNO 3 Mb + HNO 2 + H 2 O 

This reaction has not yet been demonstrated to be reversible. 

7. Nitrogenase and Azotase. Burk (1934) and others have given 
the name azotase to the total system responsible for the nitrogen-fixa¬ 
tion reaction in Azotobacter. The system includes the specific enzyme, 
nitrogenase, and the activators and other components necessary for 
the fixation. Azotase differs markedly from the majority of enzyme 
systems in one respect. Its activity is normally limited to the extent 
of growth; that is, the amount of nitrogen fixed is directly proportional 
to the amount of cell synthesis. The elaborated nitrogen compounds 
occur in the cell bodies chiefly as protein and are not ordinarily lib¬ 
erated into the culture medium by young active cultures. The follow¬ 
ing enzyme mechanism has been postulated by Burk for nitrogen 
fixation by Azotobacter: 

N 2 + E N 2 E (Rapid reaction) 

N 2 E —> E +^P (Slow reaction) 

where N 2 is atmospheric nitrogen, and the symbol E refers to the 
specific enzyme, nitrogenase, which combines reversibly with the 
nitrogen molecule to form the substrate-enzyme complex, N 2 E. This 
complex then splits irreversibly into E and nitrogenous products, P, 
which are actually in the form of Azotobacter cells. 

From this brief discussion it should not be assumed that azotase is the 
only enzyme complex in Azotobacter cells, because, besides nitrogenase, 
they contain numerous dehydrogenases, cytochrome, catalase, malonate 
carboxylase, and numerous other systems not directly involved in the 
nitrogen-fixation process. 


B. Desmolyzing Enzymes {Desmolases) 

Another large group of enzymes is that involved in the processes of 
respiration and metabolism within the cell. They are often referred to 
as desmolyzing enz 3 anes or, simply, as desmolases. Such enzymes are 
principally, though not exclusively, concerned with oxidation, reduc¬ 
tion, and decarboxylation changes in organic compounds. The enzymes 
of this group can be sharply differentiated from the hydrolases which 
have just been discussed. Hydrolases are usually extracellular and 
catalyze the severing of the secondary bonds of carbon with oxygen 
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or nitrogen; that is, they activate reactions which do not lead to any 
marked change in free energy. Desmolases, on the other hand, are 
intracellular and catalyze the severing of bonds in compounds which 
lead to the release of considerable energy. This point can be better 
illustrated by presenting a few figures showing the approximate energy 
liberated from 1 g. of substrate by the action of different extracellular 
and intracellular enzymes: 

Extracellular Enzymes Intracellular Enzymes 


Lipase 

kg. cal. 

4.1^.3 

Lactic acid dehydrogenase 

kg. cal. 
82.0 

Amylase 

7.3-7.8 

Alcohol dehydrogenase 

149.6 

Sucrose (invertase) 

8.8-9.3 

Urease 

239.0 

Maltose 

5.1->6.6 

Vinegar oxidase 

2,630.0 


The utility of a compound as a food or energy source for an organism 
depends also upon the degree of oxidation which takes place in the 
cell; the more complete the oxidation, the greater the available energy. 
The energy (calories) liberated with varying degrees of oxidation of 
glucose under aerobic and anaerobic conditions may be cited as an 
example: 

Complete aerobic oxidation 

C 0 H 12 O 6 6 O 2 —^ 6 CO 2 “f“ 6 H 2 O 4“ 674 kg. cal. 

Partial aerobic oxidation 

C 6 H 12 O 6 + 9 O 2 6 C 2 H 2 O 4 + 6 H 2 O + 493 kg. cal. 

Oxalic acid 

Anaerobic oxidation 

CaHiaOe -» 2 CH 3 CHOHCOOH + 22.5 kg. cal. 

Lactic acid 

CeHiaOe -> 2 C 2 H 6 OH + 2 CO 2 + 22 kg. cal. 

Ethyl alcohol 

CaHiaOe 3 CH 3 COOH + 15 kg. cal. 

Acetic acid 

From this brief consideration it can be seen that with incomplete 
oxidation more of a given substrate must be broken down to supply 
the energy needs of an organism. 

The desmolases have been characterized by several workers as the 
enzjrmes par excellence of metabolism, by which the cell obtains the en¬ 
ergy necessary for growth, movement, and other activities. Since the 
activities of the desmolases are bound so intimately to the life processes 
of the cell, they are now generally called respiratory enzymes. The 
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term respiration has undergone a continual expansion in meaning since 
it was first introduced into biology. Originally respiration was coined 
to denote the process of inhaling air into and expelling it from the lungs 
of animals, that is, breathing. It was then expanded to cover the trans¬ 
fer of oxygen to and the removal of carbon dioxide and water from 
tissues. Later the term was extended beyond the phenomenon of 
gaseous exchange and used to denote the general oxidation processes 
of cells. Now that it is finally recognized that these processes are 
almost always concerned with the energy requirements of cells, the 
term respiration has come to mean any energy-producing (exothermic) 
biological reaction occurring under either aerobic or anaerobic condi¬ 
tions. Hence it follows that respiratory enzymes are enzymes which 
catalyze the chemical reactions taking place in respiration. 

As we have just stated, respiration in its widest sense must include 
all those processes in the cell whereby the potential energy stored in 
the chemical compounds of varying degrees of complexity is set free to 
furnish the energy required by an organism for its vital activities. The 
goal is effected by processes of oxidation; the result is the production 
of energy and the formation of simpler chemical substances, such as 
CO2 and H2O. Since it may be stated that all living cells consume 
free or combined oxygen and eliminate CO2, then it follows that the 
amount of oxygen utilized in respiration must be related to the energy 
liberated during oxidation. The ratio of the CO2 produced to the O2 
consumed in aerobic respiration, that is, the respiratory quotient (r.q.), 
yields additional information about the nature of the foodstuffs oxi¬ 
dized. The ratio of this exchange is the same whether the volumes are 
expressed in cubic centimeters, in percentages, or as millimeters of 
pressure. Thus in the complete combustion of carbohydrate (glucose), 
C6H12O6 + 6O2 6CO2 + 6H2O, the theoretical respiratory quotient 


/ 6CO 6 \ 

is 1.0 ( r.q. = = - = 1.0), and in fat and protein the ratio is 

\ 6O2 o / 

approximately 0.7 and 0 . 8 , respectively. 

The respiratory quotients of microorganisms, as a rule, have been 

computed from the analysis of the gases over the cultures, but the 

values thus obtained can be considered at best only approximate. The 

direct use of analytical data, uncorrected for the changes in pressure, 

is wrong, since it gives an apparent r.q. which is usually higher than 

the real quotient. A more common error is the failure to determine the 

amount of CO2 dissolved free or chemically combined in the medium. 

Another point which must be considered is the period of incubation, 

which, with some organisms, may be without appreciable effect; with 
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others, on account of secondary changes in the medium, such as decar¬ 
boxylation, a longer period may result in an increased CO2 production 
and hence in a higher final value. 

The respiratory quotients for several bacteria and protozoa are pre¬ 
sented in Table 11 . These values were taken from the report by Soule 
( 1928 ) and are comparable, since all the experiments were carried out 
under the same conditions. Similar data will be found in the extensive 
studies of microbic respiration by Novy, Soule, Roehm, and Novy 
( 1925 ). A comparison of the experimental quotients with the theoreti¬ 
cal values given in the last line of the table is of special interest. In 
every case, except with Corynebacterium diphlheriaey the addition of 
glucose to the medium increased the quotient, a result which shows that, 
when glucose is present, it is utilized more or less completely by these 
organisms as a source of energy. If only glucose were oxidized in the 
glucose-agar media, the quotient would be theoretically 1.0. As is 
evident in the table, this value is closely approximated by several 
organisms. On the other hand, it is also clear that some combustion of 
the proteins or amino acids (for example, glycine and asparagine each 
have a quotient as high as 1 . 33 ) in the media is taking place at the same 
time that glucose is being oxidized. As a result, the observed r.q. 
represents a sum of all the oxidations. 


TABLE 11 

Averaoe op Corrected Real Respiratory Quotients Obtained in Jar 

Experiments 


Organism 

Mycobacterium tuberculosis’-hominis 
M. tubercidosis-^bovis 


MaUeomyces mallei 
Corynebacterium diphtheriae 
Bacillus subiilis 
Trypanosoma lewisi 
Leishmania tropica 
Leishmania donovani 

Theoretical value 


[From Soule (1928)] 

Plain Glycerol 
Agar Agar 
.... 0.856 

0.888 0.903 

0.841 0.859 

0.921 0.802 
0.912 0.843 


Glucose- 

Glucose Blood Blood 

Agar Agar Agar 

0.992 . 

1.036 . 

0.972 0.848 . 

0.906 0.942 

1.278 . 

. 0.822 0.938 

. 0.875 0.951 

. 0.862 0.968 


0,81 1.00 


0.81 0.857 1.00 


Another factor which tends to raise the respiratory quotient above 
the theoretical value is the decarboxylation of amino acids and other 
organic acids, because CO2 is liberated without a corresponding O2 
intake. 
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THEORIES ON BIOLOGICAL OXIDATION-REDUCTION 


Several theories have been advanced to explain how the energy- 
liberating oxidation-reduction processes function or take place in 
biological systems. Only the two most important theories will be 
mentioned here; the othem are principally of historical importance and 
are discussed in some detail in certain books on enzyme chemistry and 
by Buchanan and Fulmer ( 1930 ). 

Wieland^s Theory for the Explanation of Biological Oxidation. 

According to Wieland ( 1922 ), biological oxidation processes are based 
on an ‘^activation’^ or ‘‘mobilization^’ of hydrogen in the substrate by 
specific enzymes, followed by a catalytic transfer of the hydrogen from 
the oxidizable material to some other substance. Thus the oxidation 
of alcohol to aldehyde, which takes place in the cell, is ascribed to the 
removal of two atoms of hydrogen from the alcohol molecule according 
to the following equation: 


H 

CHa-C—OH + ^02 

\ 

H 


O 

CHsC + H2O 

\ 

li 


Another cellular process, the formation of acids from aldehydes, 
proceeds by dehydrogenation by way of the aldehyde hydrate: 

OH 

/ 

CH3 CHO + H2O CH3 C—OH 

\ 

H 

after which the dehydrogenation takes place as: 

OH OH 

/ / 

CHs-C—OH + Acceptor —» CH3-C=0 + 112-Acceptor, 

H 

which may then be followed by the reaction: 


H2‘Acceptor + ^02 —» Acceptor + H2O 

This concept of the activation of hydrogen has received additional 
support through the finding that it is possible, even in biological sys¬ 
tems, to replace oxygen in the various reactions by other hydrogen ac¬ 
ceptors. This point has already been illustrated by the foregoing re¬ 
action. Therefore, according to Wieland’s viewpoint, oxygen takes 
part in the dehydrogenation reaction only in the role of a hydrogen 
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acceptor and can be replaced by other acceptor substances, such as 
methylene blue, or other easily reducible compounds. For example, 
from some lactic-acid-forming bacteria a heat-labile enzyme may be 
extracted which can oxidize lactic acid to pyruvic acid in the absence 
of oxygen. This fact can be ascertained by the addition of methylene 
blue, which combines with the hydrogen mobilized by the enzyme and 
is therefore converted to its leuco form. On the addition of molecular 
oxygen the leuco form is reconverted to oxidized methylene blue and, 
at the same time, yields two atoms of hydrogen for the formation of 
water. In other living cells there arc similarly acting, heat-labile 
enzymes, dehydrogenases, which are capable of mobilizing the hydrogen 
of specific substrates and liberating it in atomic form. 

Warburg’s Theory for the Explanation of Biological Oxidation. 
It has been known for some time that the presence of a heavy metal, 
probably iron, is necessary for cellular oxidations to take place. Since 
iron occurs only in small amounts in cells, it cannot react stoichiometri- 
cally, but rather must do so in a catalytic manner. No free iron is 
present in tissues. On the contrary, it is bound in the form of heme 
(or hematin), which is a constituent of many substances that are now 
known to be involved in the transportation of oxygen in biological 
systems. 

With these facts in mind Warburg ( 1925 ) advanced his theory to 
explain the mechanism of the oxidations which are required to produce 
the flow of energy necessary for the maintenance of life. Although his 
theory is supported by good experiments, it is basically contrary to 
Wieland’s contention. Thus, according to Warburg, respiring cells 
contain ‘‘respiratory ferments” (X-Fe), organic bivalent-iron com¬ 
pounds (hemins), which are able to react with oxygen in some way to 
produce more highly oxidized iron compounds: 

X'Fe O2 —^ X’Fe02 

This process is often referred to as molecular oxygen activation, but 
in reality it can be nothing more than iron catalysis. Once the oxi- 
dized-iron complex is formed, it is then able to react or oxidize other 
organic substances (A) and is again reduced to bivalent iron, according 
to the equation: 

X FeOa + 2A X Fe + 2AO 

An examination of these equations will show that the iron moves in a 
cycle; hence the theory is sometimes spoken of as Warburg^s iron cycle. 
Warburg has also demonstrated that substances like HCN, H2S, and 
CO, which are able to form noncatalytic compounds with iron, inhibit 
biological oxidations. 
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It is quite generally believed that a large part of the respiration of 
animal tissues and other cells is due to a catalyst which behaves like 
an iron compound and is poisoned by HCN, H2S, CO, and similar 
substances. As several workers have brought out, however, other 
types of systems may play an important part in aerobic biological 
respiration. Two statements may be given to support this claim: (1) 
According to Dixon, most tissues and cells are inhibited only to an ex¬ 
tent of 40 to 60 per cent by H2S, CO, and HCN, and for this reason 
Warburg's respiratory ferment can account for only 60 per cent of the 
respiration at the most. Furthermore it must be remembered that cya¬ 
nide poisons many systems, such as peroxidases, several oxidases, and 
catalase, besides the respiratory ferment. (2) Since xanthine oxidase is 
an aerobic dehydrogenase and is not inhibited by H2S, NaNs, or CO, 
the oxidation brought about by this enzyme apparently cannot be due 
to an iron catalysis. 

If the primary reaction of respiration takes place between molecular 
oxygen and iron, and molecular oxygen can react in the cell only by this 
method and not with other organic molecules, then this fact would 
seem definitely to exclude the possibility of molecular oxygen serving 
as a direct acceptor for hydrogen, in accordance with the views of 
Wieland. Therefore, on the surface the theories of Warburg and Wie- 
land are contradictory in respect to the manner in which oxygen acts. 
As we shall point out on the next few pages, however, the theories are 
not necessarily contradictory; on the contrary, they may be comple¬ 
mentary when the entire biological system is considered. 

In 1925 Kluyver and Donker developed a theory of microbiological 
respiration which combines the Wieland hypothesis explaining bio¬ 
chemical oxidations by means of the catalytic transfer of hydrogen 
atoms with Warburg's theory of the activation of oxygen. Kluyver 
and Donker develop their ideas as follows: 

Respiration, the process by which cells derive the energy necessary 
for growth from their substrates, can take place aerobically and anaero¬ 
bically. Aerobic respiration, which they term oxidative dissimilation, 
consists of the transformation of the substrates in the presence of 
oxygen into compounds which are eventually excreted, these changes 
necessitating the taking up of free oxygen. The energy released goes 
into the formation of cell constituents (assimilation). In anaerobic 
respiration the energy is obtained from chemical reactions in which free 
oxygen takes no part; this process Kluyver and Donker term fermenta¬ 
tive dissimilaiion. They regard the mechanian of the transfer catalysis 
as being due to the affinity of the protoplasm of the cell for certain 
atoms of the substrate, leading first to the formation of a loose com- 
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pound between the protoplasm and the substrate. This reaction re¬ 
sults in a loosening of the bonds binding the affected atoms to the rest 
of the molecule; in the presence of a suitable acceptor these so-called 
activated atoms are removed. The relative affinities of the protoplasm 
for oxygen and hydrogen are not independent, but reciprocal. Thus a 
high affinity for hydrogen implies a low affinity for oxygen, and vice 
versa. The action of the acetic acid bacteria in transforming ethyl alco¬ 
hol into acetic acid led Wicland to extend his theory of catalytic dehy¬ 
drogenation to biochemical oxidations (aerobic respiration, oxidative 
dissimilation). Kluyver and Donker made a close examination of fer¬ 
mentative sugar-dissimilation processes (anaerobic respiration) and 
concluded that all the diverse reactions which take place can be wholly 
explained by a similar mechanism. 

According to these authors, then, all respiration processes are funda¬ 
mentally the same, and the observed diversities are only '*a consequence 
of the gradual variation in affinity of the different kinds of protoplasm 
for hydrogen.’^ Furthermore, a logical consequence of their theory is 
that it is no longer necessary to assume the existence of a separate 
enzyme for every single reaction brought about by microorganisms. 
They admit that different hydrolytic enzymes are required for complex 
carbohydrates, fats, and proteins; but, when dealing with oxidative 
dissimilation, such as the transformation of ethyl alcohol to acetic 
acid by Acetobacter species, they postulate only a single oxido-reduction 
promoting agent as the catalyst. The differences which are ascribed to 
enzymes such as catalase, carboxylase, and alcoholoxidase, are, accord¬ 
ing to Kluyver and Donker, due to differences in the affinity of the 
protoplasm for hydrogen. 

On the basis of the foregoing theories, Kluyver and Donker present 
a scheme for bringing together into groups those species of bacteria 
which agree in general in their morphological and respiratory activities. 
The respiratory activities are based on those dissimilation processes 
in which glucose acts as substrate. The groups are arranged in the 
order of the affinity for hydrogen possessed by the protoplasm of the 
microorganisms included in them. For example. Group I contains 
those bacteria whose affinity for hydrogen is high, but whose corre¬ 
sponding oxygen affinity is low. On the other hand. Group VII con¬ 
tains those organisms whose affinity for hydrogen is so low that it has 
no significance for hydrogen activation, but whose aflinity for oxygen 
is considerable. 

Group I. Aerobic organisms with strong oxidative (dehydrogenating) pow¬ 
ers. Characterized by their very great affinity for hydrogen. When oxygen 
(or methylene blue) is present as a hydrogen acceptor, glucose undergoes a 
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direct dehydrogenation, and gluconic acid is formed. Under optimum con¬ 
ditions gluconic acid, as a rule, is not found as a metabolism product, but 
after this first change a whole series of further dehydrogenations takes place 
until finally some CO2 and H2O are produced. Examples: several kinds of 
molds and acetic acid bacteria. 

Gboup II, Aerobic organisms with weaker oxidative (dehydrogenating) 
powers. Glucose is not dehydrogenated to gluconic acid but is first con¬ 
verted into compounds of the three-carbon type, such as methyl glyoxal 
(CHs'CO-CHO). Examples: higher plants, muscular tissues of higher ani¬ 
mals, and many aerobic spore-forming bacteria. 

Group III. Organisms which cause alcoholic fermentation. The affinity 
of these microorganisms for hydrogen is again weaker. The preliminary con¬ 
version of glucose to methylglyoxal is followed by a dehydrogenation to py¬ 
ruvic acid. The pyruvic acid produced is then converted by an intramolecu¬ 
lar change into CO2 and acetaldehyde. The acetaldehyde then acts as a hy¬ 
drogen acceptor in the dehydrogenation of methylglyoxal. Kluyver's views 
on the degradation of glucose, especially the formation of methylglyoxal, may 
have to be modified in the light of more recent researches. Examples: alco¬ 
hol yeasts, molds such as Mucor racemosus. 

Group IV, The bacteria of the colon group. The hydrogen affinity is 
smaller than that of Group III bacteria and decreases in the order of the three 
subgroups listed. 

a. Eherthella typhosa subgroup. 

b. Escherichia coli subgroup. 

c. Aerobacter aerogenes subgroup. 

Group V. The true lactic acid bacteria. The protoplasm of these organ¬ 
isms is characterized by its sensitivity toward oxygen. The affinity for hy¬ 
drogen is again smaller than that of the organisms of the foregoing groups and 
decreases in the order of the two following subgroups. 

a. Heterofermentative lactic acid bacteria, which produce lactic acid and 
other metabolic products. Examples: Lactohocillus brevis, Lactobacillus 
buchneri. 

b. Homofermentative lactic acid bacteria, whose dehydrogenation powers 
are so small that practically nothing but lactic acid is formed. Ex¬ 
amples: Lactobacillus cavcasicus, Lactobacillus helveticus, Lactobacillus 
acidophilus, Lactobacillus delbrueckiL 

Group VI. The propionic acid bacteria. The hydrogen affinity is again 
smaller than that of the previous group, and consequently the oxygen affinity 
becomes more pronounced, that is, the organisms are sensitive to oxygen. 
Lactic acid functions as an acceptor and is converted into propionic acid. 

Group VII* The butyl alcohol, butyric acid, and related anaerobic bac¬ 
teria. The protoplasm of the organisms of this group is characterized by its 
low affinity for hydrogen. The organisms are very sensitive to oxygen. 
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More recently, Keilin ( 1929 , 1933 ) has formulated a theory of cellular 
respiration which, like that of Klu3rNrer and Donker, combines the 
Wieland and Warburg points of view but gives a more concrete picture 
of the actual mechanism of respiration. He believes that the dehydro¬ 
genases act as hydrogen activators and permit the reduction of oxygen 
which has been catalyzed or transported by hemes (respiratory pig¬ 
ments, such as the cytochromes). Such a reduction would result in 
the formation of water. The functional relationship between the in¬ 
tracellular hematin compounds (cytochromes) and the respiratory 
enzymes such as dehydrogenases and oxidases is schematically repre¬ 
sented as follows:^ 

Inhibited by CO 

Inhibited by H2S 

narcotics HjO KCNf 


Dehydrogenases- 


H 


-Substrate 


/ 


\ 


H 


O- 




Cytochromes O—Oxidase 

a b c J 


O2 


In the form in which Keilin has unified the points of view of Warburg 
and Wieland it can be seen that they are not necessarily contradictory, 
but, on the contrary, they are complementary when the entire respira¬ 
tory system is considered. Oxidation and reduction are fundamentally 
transfers of electrons (Fe'^'^-e —► Fe*^"^); therefore, whether oxygen 
is added or hydrogen is removed, there is a loss of an electron. On the 
other hand, the process of reduction consists of the gain of an electron. 
Just as it has been found that CO and KCN prevent the oxidation of 
cytochrome, so its reduction is prevented by narcotics (urethane or 
alcohol). By reason of this fact each system can be examined inde¬ 
pendently of the other. In the presence of a suitable dehydrogenase 
the cytochrome-oxidase-oxygen system may be replaced by an appro¬ 
priate hydrogen acceptor, such as methylene blue. Narcotics appar¬ 
ently interfere with the action of the dehydrogenases in such a way 
that they can no longer mobilize the hydrogen of the substrate. In the 
absence of active or atomic hydrogen the reduction of cytochrome 
ceases. 

The scheme presented on this page for cellular respiration can 
account for the water formed during respiration. It should be kept in 
mind, however, that there are enzymes and carriers other than those 

^ This type of respiratory process does not exclude other possibilities, such as 
(1) the existence of other nonhcmatin carriers, (2) the direct interreaction between 
an oxidase and hydrogen donators, and (3) the interaction between hydrogen 
donators and molecular oxygen. As presented here, it merely shows the relation¬ 
ship between Wieland's and Warburg's theories. 
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described on these pages. They may function in coordination with 
those listed or provide for alternate paths of transportation for hydro¬ 
gen and oxygen. For example, catalase and peroxidase cause the 
liberation of oxygen from peroxides. Glutathione, which is a tripeptide 
of cystine, glycine, and glutamic acid, may act as a hydrogen acceptor. 
It does so by virtue of the sulfur group (—S—S—) of the cystine con¬ 
stituent of two molecules of glutathione, which may be reduced to 
H—S—S—^H. Certain four-carbon acids may also function as hydro¬ 
gen acceptors and donators. Finally, mention may be made of car- 
hoxylase, which acts directly on the carboxyl group of certain com¬ 
pounds and causes the release of carbon dioxide. Its action may be 
one explanation of carbon dioxide production during cellular respira¬ 
tion. 

It is now generally recognized that several different types of respira¬ 
tory enzymes exist w^hich affect oxidation, reduction, and decarboxyla¬ 
tion reactions in biological systems. Such enzymes are usually con¬ 
veniently classified as the oxidases^ the dehydrogenases^ the peroxidases, 
caialase, and carboxylase. The data listed in Table 12 have been 
derived largely from the work of Potter (1939). Since catalase and 
peroxidase exhibit the same general structure as most of the oxidases 
and since they differ from them only in that they activate peroxides 
rather than molecular oxygen, they are included in this classification. 
A somewhat similar classification has been employed by Franke (1940) 
in his excellent review on the desmolases. 

The next few pages will be devoted to a brief discussion of some of 
the more important desmolases and their application to bacteria. The 
general facts concerning the enzymes will be presented in an intro¬ 
ductory manner, and the enzymes will be discussed in the same order 
as they are listed in Table 12. For complete details on this phase of 
the subject the monographs by Elvehjem and associates (1939), Oppen- 
heimer and Stem (1939), Green (1940), and Sumner and Somers (1943), 
and the reviews by Franke (1940, 1943) should be consulted. 

I. OXIDASES 

The oxidases elaborated by various cells have been studied by many 
workers; the literature is too extensive to be reviewed here. Also, in 
the past the oxidases have not always been clearly differentiated from 
the dehydrogenases. As a result there is considerable confusion in the 
literature with respect to proper nomenclature. In view of these facts 
only a few general remarks will be presented here to acquaint the 
student with the subject. 

Oxidases have been defined by Meldrum (1934) as ^^oxidative catal¬ 
ysts which reduce only molecular oxygen and whose action is independ- 
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OXIDASES 
TABLE 12 

Properties and Classification of Oxidases, Dehydrogenases, Peroxidases, 

AND Catalase 

[From Potter (1939) and Others] 

I. OXIDASES 

General properties: (1) presumably activate oxygen and are inactive in the 
absence of oxygen; (2) do not reduce ctyes; (3) catalyze direct reaction of 
metabolites and oxvgen; (4) produce H 2 O; (5) are inhibited by cyanide 
and other poisons; (6) require neither coenzymes nor cytochrome systems. 
Examples 

1. Cytochrome oxidase (indophenol oxidase?). 

2. Ascorbic acid oxidase. 

3. Polyphenol oxidase, monophcnol oxidase (tyrosinase), and related 
copper-protein enzymes. 

4. Luciferase. 

II. DEHYDROGENASES 
Aerobic 

General properties: (1) activate hydrogen of metabolites; (2) reduce dyes; 
(3) act in absence of oxygen when suitable dyes are present; (4) catalyze 
direct reaction between metabolites and oxygen; (5) produce peroxide in 
the presence of oxygen; (0) may or may not be inhibited by cyanide, 
H 2 S, or NaNa; (7) require neither coenzyme nor cytochrome systems. 
Examples 

1. Xanthine oxidase or Schardinger enzyme. 

2. d-Amino acid dehydrogenase. 

3. Amine oxidases. 

4. Uricasc. 

Anaerobic (differentiated according to the first carrier) 

General properties: (1) activate hydrogen of the metabolites; (2) catalyze 
reaction between metabolites and carriers; (3) may or may not be in¬ 
hibited by various concentrations of urethane, iodoacetate, etc. 

Examples 

Class A. Cytochrome-linked 

1. Succinic dehydrogenase. 

2. a-gljrcerophosphate dehydrogenase. 

3. Lactic denydrogenaso (yeast and gonococcus). 

4. Formic dehydrogenase {Escherichia coli). 

Class B. Coenzyme I-linked (DPN, diphosphopyridine nucleotide, co- 
zymase). 

1. Lactic dehydrogenase. 

2. Malic dehydrogenase. 

3. /3-Hydroxybutyric dehydrogenase. 

4. Glucose dehydrogenase. 

5. Alcohol dehydrogenase. 

6. Aldehyde mutase. 

7. Triose phosphate dehvdrogenase. 

8. Dihydroxyacetonc dehydrogenase. 

9. l-(+)-Glutamic acid dehydrogenase. 

Class C. Coenzyme I I-linked (TPN, triphosphopyridino nucleotide). 

1. Hexose monophosphate dehydrogenase. 

2. Isocitric acid dehydrogenase. 

III. PEROXIDASES 

General properties: (1) oxidize substrates with H 2 O 2 . The H 2 O 2 cannot be 
replaced oy O 2 or by oxidation-reduction dyes; (2) are reversibly inhibited 
by NaF, KCN, and H 2 S; (3) are iron-porphyrin protein enzymes. 

IV. CATALASE 

General properties: (1) breaks down H 2 O 2 to O 2 and H 2 O; (2) is an iron- 
porphyrin protein enzyme; (3) inhibitors like KCN and H 2 S prevent the 
reduction of ferric catalase by H 2 O 2 , but NaNs and NH 2 OH stabilize 
ferro catalase and prevent its reoxidation by molecular oxygen. 
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ent of hydrogen peroxide/' Although this definition is quite satisfac¬ 
tory, it is not too descriptive. With the information which is now 
available the oxidases may be differentiated from the dehydrogenases 
in the following manner: oxidases appear to be metallo (iron or copper) 
proteins, and are therefore inhibited by substances which stabilize the 
metallic groups. Although, in general, cyanide, H 2 S, CO, and NaNa 
poison or stabilize the oxidases, there are a number of individual ex¬ 
ceptions. Oxidases fail to work under anaerobic conditions and do not 
form hydrogen peroxide as a result of their reduction of oxygen. 

Lipton, Arnold, and Berger (1939) list six enzymes which, they con¬ 
sider, satisfactorily meet the criteria of true oxidases. They are: 
(1) cytochrome oxidase (indophenol oxidase?); (2) ascorbic acid 
oxidase; (3) polyphenol oxidases; (4) laccase; (5) tyrosinase (tyrosine 
oxidase); and (6) dopa oxidase. The presence of some of these enzymes 
in bacteria has been studied very little, if at all. For this reason we 
shall only briefly discuss the subject here. In addition, we shall present 
a few remarks about luciferase. 

1. Cytochrome Oxidase (Indophenol Oxidase?). Cytochrome 
oxidase is one of the most widely distributed oxidizing enzyme systems 
found in the cells of aerobic organisms, and its presence has been 
demonstrated in bacteria, yeasts, fungi, algae, higher plants, and ani¬ 
mals. The enzyme specifically catalyzes the oxidation of the ferro 
cytochromes (cellular respiratory pigments) by molecular oxygen; re¬ 
duced cytochromes a and c are not auto-oxidizable in air at physiologi¬ 
cal hydrogen-ion concentrations. 

The cytochromes are iron-porphyrin proteins similar to hemoglobin 
and are usually referred to as respiratory pigments. Three or four 
well-characterized components make up the cytochrome system; the 
three best-known are referred to as cytochromes a, b, and c and give 
characteristic absorption bands when the reduced forms are examined 
with a spectroscope. Sometimes a fourth and a fifth unit are also 
recognized in the cytochrome complex of certain cells. In such cases 
component d is the fused 0 bands of the three more important bands, 
and as is a new member discovered in 1939 by Keilin and Hartree. 
Each of the components exists in an oxidized and reduced form. The 
reduced compounds exhibit well-marked absorption spectra, with in¬ 
tense bands occupying (in bacteria) the following approximate posi¬ 
tions [Frei, Riedmiiller, and Almasy (1934)]: 

Cytochrome a, 6,900-6,000 A. (Avg. for 18 bacterial species, 6,960 A.) 
Cytochrome b, 6,550-6,653 A. (Avg. for 19 bacterial species, 6,615 A.) 
Cytochrome c, 6,472-5,550 A. (Avg. for 10 bacterial species, 5,505 A.) 
Cytochrome d, 6,20(1-6,313 A. (Avg. for 19 bacterial species, 5,254 A.) 
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In a similar study Fujita and Kodama (1934) examined forty-five 
bacterial species and classified them into six groups based on the 
appearance of intense absorption bands in the following positions: 


a = 600-605 m/x. 

&' = 587-595 mu, 

b = 558—567 m/x. 

a" = 625-635 mM, 

c = 547-555 m/z. 

b' = 552-563 

di = 528-532 m/z, 

d' = 527-532 m/*. 

d 2 = 518-522 m/z. 



Some bacteria contain several components, whereas others have only 
one or none at all. The typical yeast cytochrome spectrum consists of 
four bands with their respective maxima at 604 (a), 565 (b), 550 (c), 
and 520-530 (d) m/u. Many yeasts, however, show considerable varia¬ 
tion, and usually there is general loss of distinction of the cytochrome 
spectrum when the cells are dried at temperatures above 60®C. [Fink 
and Lechner (1940)]. 

Cytochrome c is the most stable component of the cytochrome com¬ 
plex and is the only one which has been extracted and studied in vitro. 
In fact, Theorell and Akesson (1939) have highly purified the pigment 
by electrophoresis and have found that it contains approximately 0.43 
per cent iron, 3.3 per cent histidine, and 4.7 per cent lysine and has a 
molecular weight of about 13,000. Theorell has also proposed the fol¬ 
lowing structure for one form of cytochrome c: 

r“ 


I 

CHCH, H 
CHT 


HOOCCHaCHj 

H 

Cytoohrome o 

Outstanding features of the iron-porphyrin protein structure are the 
thio- linkages and the peptide linkages between the protein and one or 
both of the amino and carboxy groups. Although the formula conveys 
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some idea of the graphic structure of cytochrome c, the mode of linkage 
of the iron and porphyrin to the protein is so obscure at present that no 
more attention will be given to these subjects. When cytochrome c is 
reduced by chemical means, such as by hyposulfite or cysteine, the 
sole chemical change is the reduction of the trivalent iron in the por¬ 
phyrin to the divalent state. Since there is but one Fe-porphyrin 
for each molecule of cytochrome c, only one equivalent of hydro¬ 
gen or one electronic equivalent is involved in the reduction of each 
molecule. The oxidation of reduced cytochrome by chemical means, 
such as by H 2 O 2 or ferricyanide, converts iron from the ferrous to the 
ferric state. The protein which is attached to the prosthetic group 
(Fe-porphyrin) plays no role in the process of oxidation-reduction. 
However, the peculiarities which distinguish cytochrome c from a large 
number of closely related pigments are due to the specific protein. 
Comparatively little is known about the other components of the cyto¬ 
chrome complex, except that they are iron-porphyrin proteins and 
are very unstable. Most of our information on their properties has 
been derived from the spectroscopic study of crude preparations [see 
Sumner and Somers (1943)]. 

The spectrum bands of reduced cytochrome c persist even when a 
vigorous stream of oxygen is passed through physiologically neutral 
solutions. In other words, cytochrome c does not undergo direct 
oxidation by molecular oxygen. Therefore, there must be some 
catalytic mechanism for the oxidation of cytochrome c in living cells. 
This has been demonstrated by Keilin in his classical researches on 
cytochrome. In fact, he has shown that aerobic cells from a variety 
of sources contain an enzyme which catalyzes the rapid oxidation of re¬ 
duced cytochrome. This enzyme is known as cytochrome oxidase. It is 
easily prepared from heart muscle and, when added to a solution of 
reduced cytochrome c in contact with oxygen, causes the immediate 
disappearance of the characteristic bands. The reduced cytochrome c 
is converted to the ferric state, and the oxygen is reduced to water. 

The general properties of cytochrome oxidase have been studied by 
Keilin (1933), Keilin and Hartree (1938,1939), Stotz and his associates 
(1938), Haas (1943), and others. For details these papers should 
be consulted. The following data, however, briefly summarize the 
properties of the enzyme: 

1 . The enzyme is a thermolabile protein and is rapidly destroyed 
above 60®C. Its activity is also destroyed by drying, freezing and 
thawing, and by treatment with strong alcohol or acetone. Some 
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progress has been made in highly purifying the enzyme [Haas 
(1943)]. 

2 . The enzyme specifically catalyzes the oxidation of the ferro cyto¬ 
chrome by molecular oxygen. Hemoglobin and other ferrous porphyrin 
compounds are not oxidized in the presence of the enzyme. For a 
long time cytochrome oxidase was attributed the property of catalyzing 
the oxidation of p-phenylenediamine. This error arose from the fact 
that older preparations of the enzyme contained small amounts of the 
cytochromes, which can directly oxidize p-phenylenediamine by them¬ 
selves. Preparations of cytochrome oxidase which contain no cyto¬ 
chrome have no influence on the aerobic oxidation of p-phenylenedia- 
mine. In this respect it should be mentioned that the cytochrome 
oxidase-cytochrome c system can also catalyze the oxidation of cysteine, 
catechol, adrenaline, and ascorbic acid. 

3. There is a rough parallelism between the respiratory activity of all 
aerobic cells and the concentration of both cytochrome and cytochrome 
oxidase. The higher is the concentration of cytochrome and oxidase, 
the greater is the respiratory activity. This interesting correlation led 
Keilin to the view that the respiratory process proceeds mainly through 
the cytochromes and that cytochrome oxidase is an essential catalyst in 
aerobic events. There are many kinds of evidence which strongly 
support this view. 

4. One of the most striking characteristics of cytochrome oxidase 
activity is its extraordinary sensitivity to 0.001 M concentrations of 
KCN, H 2 S, or NaNa, The enzymatic activity is also inhibited by 
CO in the dark; this inhibition is diminished by the action of light. 
Carbon monoxide inhibition is determined by the ratio of the partial 
pressure of CO to O 2 in the gas space. The larger the ratio, the greater 
is the inhibition. The affinity of the enzyme for oxygen is five to nine 
times as great as that for carbon monoxide, so that it is necessary to 
have a large excess of CO to obtain effective inhibition. 

Apparently very few substances are capable of direct oxidation 
through the cytochromes, although preliminary processes of oxido-re- 
duction may bring other substances into the system. In other words, 
reduced cytochrome c does not react directly with oxygen, but, as we 
have already mentioned, it is oxidized through the enzyme, cytochrome 
oxidase, with which it seems to be closely associated in the cell. It is a 
well-known fact that cytochrome and its specific oxidase play a very 
important role in biological oxidations. In fact, several workers have 
estimated that about two-thirds of the normal respiration of animal 
tissue goes through cytochrome. This cytochrome system is often 
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represented schematically by the following series of reactions: 


Dehydrogenase 


Substrate 




/ 


H 




“f Cytochrome Reduced cytochrome 


H 


\ 


H 


+ Oxidized substrate 


Cytochrome oxidase 



Reduced cytochrome + }02 —► Cytochrome + H 2 O 


Here the oxygen has to be activated or catalyzed by oxidases (cyto¬ 
chrome oxidase); therefore the over-all process may be represented by 
the following equation: 


Dehydrogenase 

i 

Subtrate-Ha- 

(Donator) 


Cytochrome <r 

(Carrier) 


Oxidase 

i 


Oxygen 

(Acceptor) 


We can see in this simple example that five substances take part in 
the oxidation: a hydrogen donator (substrate), oxygen (hydrogen 
acceptor), a specific dehydrogenase to mobilize the hydrogen in the 
substrate, cytochrome oxidase to activate the oxygen, and cytochrome 
(carrier). The end product of this reaction is water. Although this 
example represents a system by which simple oxidation-reduction re¬ 
actions may take place in the cell, it is by no means complete. Many 
other intermediary substances^ which are ephemeral hydrogen acceptors 
and donators, may come into pHy as a result of cellular metabolism 
and complicate the system. Especially is this true in the portion of 
the above reaction where hydrogen is transported from the substrate 
to cytochrome. 

It has already been mentioned that most, if not all, aerobic bacteria 
contain the cytochrome components, and it is generally assumed that 
they are also endowed with cytochrome oxidase, since cytochromes a 
and c are unable to react directly with oxygen at physiological hydro- 
gen-ion concentrations. Facultative anaerobes possess one or two of 
the cytochrome pigments and must contain a specific oxidase. The 
strict anaerobes contain no cytochrome at all and seem to be devoid of 
cytochrome oxidases also. These points are illustrated with specific 
examples in Table 13. For further information on this subject the 
papers by Frei (1936), Farrell (1935), and Edwards and Rettger (1937) 
and the references listed by these workers should be consulted. 

2. Ascorbic Acid (Vitamin C) Oxidase* This enzyme has been 
studied rather extensively in certain plant and animal tissues but has 
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TABLE 13 

Distribution of Absorption Bands of Reduced Cytochrome, Cytochrome 
Oxidase, Peroxidase, and Catalase in Bacteria 

[Data from Keilin (1933) and Frei, Riedmuller, and Almasy (1934)) 


Cytochrome Cytochrome 


Organism 

a 

b 

c 

d 

Oxidase 

Peroxidase 

Catalase 

Mycobacterium tuberculosis 

4- 

4- 

4- 

4- 

4- 

4- 

4-? 

Bacillus aubtilis 

4- 

4- 

4* 

4- 

4- 

4- 

4- 

Bacillus anihracis 

4* 

4- 

4- 

4- 

4- 

4- 

4- 

Bacillus mesentericua 

4- 

4- 

4- 

4- 

4- 

4- 

4- 


Bacillm my coidea — + — +' 

Azotohacier chroococcum — -f + + 

Azotobacter vinelandii — + -f- + 

Acetobacter xylinum — — -h + 

Acetobacter pasteurianum — — + + 

Sardna aurantiaca 4 - -h — -f 

Sarctna lutea + 4 - + + 

Staphylococcus aureus 4" 4- — 4- 

Staphylococcus albua 4- 4" — 4- 

Staphylococcus citreus 4“ 4" — 4~ 

Vibrio comma 4. 4. ^ 

Pneumococcus, type I 4- 4- — 4- 

Meningococcus — _ 4 . 4 . 

Gonococcus « — 4 . 4 . 


Pseudomonas aeruginosa 

4- 

4- 

4- 

4- 

+ 

4- 

4- 

Serraiia marcescens 

4- 

4- 

— 

4* 

— 

4- 

4- 

Escherichia coli 

— 

4- 

— 

4- 

- 

4- 

4- 

Salmonella paratyphi 

4- 

4- 

- 

4- 

- 

4- 

4- 

Salmonella pullorum 

4- 

4- 

— 

•*'4- 

— 

4- 

4- 

Proteus vulgaris 

4- 

4- 

— 

4- 

— 

4- 

+ 

Shigella dysenteriae 

4- 

4- 


4- 

- 

4- 

4- 

Streptococcus lactis 


— 



— 

4- 

4- 

Streptococcus pyogenes 

- 


- 


- 

4-, — 

— 

Streptococcus agalactiae 

— 

— 

— 

— 

— 

— 

— 

Lactobacillus acidophilus 

— 

— 

— 

-1 

[ • 

« 

♦ 

LactobacilliLS delbruckii 

— 

— 

— 

-1 

1 



Clostridium perfringens 

- 

— 

- 

- 

- 

- 

— 

Clostridium tetani 

— 

— 

— 

-- 

— 

— 

— 

Clostridium sporogenea 

- 



-1 

1 . 

* 

• 

Clostridium ptUrificum 

— 


— 

~l 

1 



Clostridium hotvlinum 

— 

— 

— 

— 

— 

— 

— 

Clostridium histolyticum 

- 

- 


— 

— 

— 



♦ Not tested. 


been given little attention by the bacteriologist. Kendall and Chinn 
(1938), Young and Rettger (1943), and others have reported that 
certain strains of intestinal bacteria are capable of fermenting ascorbic 
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acid, but nothing is known about the mechanism of the reaction, other 
than that the decomposition is carried beyond the reversible dehydro 
stage. Facts are also unavailable to explain why certain bacteria re¬ 
tard the oxidation of ascorbic acid when grown in a medium containing 
a readily fermentable carbohydrate [Esselen (1939)]. 

Ascorbic acid oxidase from such plants as squash catalyzes the oxidar 
tion of ascorbic acid to dehydroascorbic acid by molecular oxygen, 
thus: 


CO-, 

CO- 1 

j 

COH 

C==0 0 

II t 

1 

COH 1 

-2H C==0 


HC- 


+2H 


HC- 


HOCH 

CH 2 OH 

Z-Ascorbic acid 


HOCH 

I 


CH 2 OH 

Dehvdro-Z- 
ascorbic acid 


The best source of ascorbic acid oxidase is certain varieties of squash. 
The enzyme exhibits its optimum activity at pH 6.0; it is completely 
inhibited by .001 M cyanide but not by H 2 S or by CO. Oxygen cannot 
be replaced by methylene blue or other acceptors. The dehydroascorbic 
acid can be reduced to ascorbic acid by treatment with H 2 S. Several 
workers [see Powers, Lewis, and Dawson (1944)] have highly purified 
ascorbic acid oxidase. It is metallo protein, containing about 0.24 
per cent copper. 

In animal tissues it is thought that ascorbic acid is linked in a coordi¬ 
nated chain of reactions, where it is alternately oxidized to dehydro¬ 
ascorbic acid and reduced to its original form. In vitro and in vivo 
experiments by Penney and Zilva (1943) have shown also that de¬ 
hydroascorbic acid can be converted to 2:3-diketogulonic acid 
(HOOC-CO CO CHOH-CHOH CHsOH) with comparative ease in 
both the presence and the absence of oxygen. Thus they have proposed 
the following scheme of reactions: 

Ascorbic acid ^ Dehydroascorbic acid —> Diketogulonic acid 

The significance of this change in metabolism has not been elucidated. 

Several mechanisms are known for the oxidation of ascorbic acid in 
plants, but little is known of the systems which reduce dehydroascorbic 
acid. Szent-Gyorgyi has postulated that ascorbic acid plays the same 
role in plants as does cytochrome in animal tissues, but it seems pre- 
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mature to arrive at any conclusions concerning the role of the vitamin 
in plants, animals, or bacteria. 

3. Polyphenol Oxidase, Monophenol Oxidase (Tyrosinase), 
and Related Copper-Protein Enzymes. The respiratory pigment of 
certain arthropods and molluscs is a specific copper-protein compound 
called hemocyanin. Strictly speaking, there is not one hemocyanin 
but a group of chemically distinct hemocyanins, which are widely 
distributed in nature. They are differentiated by their percentage of 
copper, which varies from 0.17 to 0.38 per cent, depending upon the 
source, their solubility, their sensitivity to acid, and their crystalliza- 
bility. Since the hemocyanins (Cu-protein enzymes) have not been 
studied very extensively in bacteria, they will be only briefly mentioned 
here. 

Copper is found in living organisms as the prosthetic group of hemo- 
cyantUy polyphenol oxidase, laccase, monophenol oxidase {tyrosinase), 
hemocuprein, hepatocuprein, and ascorbic acid oxidase. Ascorbic acid 
oxidase has already been discussed, and the other Cu proteins will now 
be mentioned briefly. 

Hemocyanin may be considered the prototype of the family of Cu 
proteins in the same sense that hemoglobin is the model of the Fe- 
porphyrin proteins. The metal is present in hemocyanin in the cuprous 
form; the function of the respiratory pigment is oxygen transportation. 
The formation of a compound with molecular oxygen, however, does 
not involve oxidation of the cuprous hemocyanin to the cupric form. 
Instead, oxyhemocyanin is a compound that contains loosely bound 
oxygen, which dissociates at low oxygen tensions, and is not an oxida¬ 
tion product of hemocyanin. 

Polyphenol oxidase, laccase, and monophenol oxidase (tyrosinase) 
are enzymes which catalyze the oxidation of certain benzenoid com¬ 
pounds (see Table 6 for reactions). Polyphenol oxidase and laccase 
are believed by some workers to undergo a cyclic transformation from 
the cupric to the cuprous form, and vice versa, in the course of their 
catalytic activity, but little is known about the changes in monophenol 
oxidase (tyrosinase). Hemocuprein and hepatocuprein are the only 
other Cu proteins which have been isolated from vertebrate tissues, 
and their catalytic function, if any, is still unknown. 

Although polyphenol oxidase and laccase are principally plant en¬ 
zymes, they have been described in the tissues of arthropods and cer¬ 
tain molluscs, as well as in various bacteria [Happold (1930)]. There 
is no evidence of the enzymes in vertebrate tissues. Monophenol 
oxidase (tyrosinase) has been found to be widely distributed in nature, 
it has been highly purified by Jensen and Tenenbaum (1943), who found 
it contains about 0.2 per cent copper. Tyrosinase occurs in some cells 
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and tissues in the form of protyrosinase, which, according to Bodine 
and his associates, can be converted to tyrosinase by certain S 3 mthetic 
detergents and other agents. A tyrosinase-like enzyme is produced 
by a few bacteria and higher fungi. Stapp (1923) was unable to demon¬ 
strate tyrosinase in a number of bacterial species, but one, Vibrio 
tyrosinatica, was very active against tyrosine. According to Almon 
and Fred (1933), some of the Rhizobia of the bean, alfalfa, and soya¬ 
bean groups exhibit tyrosinase activity. Skinner (1938) studied the 
tyrosinase reaction of the actinomyces and came to the conclusion 
that it was due to tyrosine metabolism. 

4. Luciferase. The enzyme luciferase is concerned with biolumi¬ 
nescence, which is actually a chemiluminescence in which some of the 
energy from the catalytic oxidation of a definite organic compound 
(luciferin) is emitted as light. In Chapter 3 we discussed the pro¬ 
duction of light by bacteria; therefore we will only mention here a few 
properties of the enzyme system believed to be responsible for this 
phenomenon. 

The isolation and purification of the oxidizable compound, luciferin, 
and the oxidizing enzyme, luciferase, have been successful only in 
certain animals, such as the ostracod crustacean. The technical details 
of such procedures have been fully reviewed by Harvey (1941). The 
exact chemical nature of luciferin is as yet unknown, but it is probably 
not a proteose or a phospholipide, as has been previously supposed. 
Several workers believe that it may be one of the polyhydroxybenzenes, 
many of which are oxidized in two steps and have oxidation-reduction 
potentials in the same region as that of the luciferin system. Chakra- 
vorty and Ballentine (1941), working with highly purified extracts of 
luciferin, found that it contains a —COCH 2 OH side chain, which is 
oxidatively degraded to —COOH in the luminescent reaction. The 
luciferin molecule is quite small, since its molecular weight appears to 
be less than 1 , 000 . 

Apparently five reactions in series are involved in luminescence. The 
steps may be represented as follows [Harvey (1941) and Johnson, van 
Schouwenburg, and van der Burg (1939)]: 

( 1 ) L (Reversibly oxidized luciferin) + X-H 2 (Substrate) ^ 

LH 2 (Luciferin) + X 

( 2 ) LH 2 + A (Luciferase) A-LH 2 (Luciferase-luciferin complex) 

(3) A-LHg + i02 A-LHsO 

(4) A-LHzO 

A' (Excited luciferase) + L (Oxidized luciferin) + H 2 O 
(6) A' —» A + Av (A quantum of light) 
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A logical question is: What is the origin of the oxidized luciferin of 
equation 1? Although nothing is known of the precursor of the 
luciferin-oxidized luciferin system, it appears certain that luciferin 
contains neither sulfur nor halogen, but only carbon, hydrogen, oxygen, 
and possibly nitrogen. 

Luminous bacteria are very convenient material for luminescence 
studies. However, one disadvantage in using them is that a cell-free 
luciferin-luciferase reaction cannot be demonstrated, despite many 
attempts. All procedures which have been used so far to extract the 
luminous substances from bacteria have failed, and destruction of the 
cell also destroys its ability to luminesce. Most authorities assume, 
however, that luciferin and luciferase are present. 

Most of the research on luminous bacteria has been centered around 
the relationship between certain respiratory processes and luminescence 
and the effect of various physical and chemical agents on the production 
of light by the organisms. Since the organisms grow well on ordinary 
bacteriological media, no difficulties are encountered in obtaining 
starting material. The optimum temperature for light production is 
27°C., luminescence decreasing at higher and lower temperatures. 
The organisms respire and luminesce well between pH values of 5.9 and 
8.3. Johnson and Harvey (1938) have observed the general respiration 
of well-washed suspensions of Achromobacter fischeri to be practically 
the same in isotonic sodium phosphate, sea water, and pure 0.5 M 
sodium chloride but diminished in isotonic potassium or magnesium 
chloride and sucrose and practically abolished in calcium chloride. 
Luminescence was found to be more sensitive than respiration, since 
it was almost quenched in calcium or magnesium chloride, greatly 
affected in potassium chloride, and somewhat affected in sucrose. The 
oxygen consumption of luminous bacteria is greatly reduced in the 
presence of cyanide, and the light intensity is also affected, but to a 
far less degree. Carbon monoxide inhibits respiration but may actually 
increase the luminescence of Photohacterium phosphoreum [van Schou- 
wenburg and van der Burg (1940)]. Azide has been found to have an 
equally inhibiting effect on both respiration and luminescence of bac¬ 
teria in a glucose medium, but only in a relatively high concentration 
(0.01 M). Both arsenite and iodoacetate reduce the general respira¬ 
tion and luminescence in small concentrations, but fluoride and pyro¬ 
phosphate do not inhibit either process, even in high concentrations. 
Urethane and other similar narcotics possess the ability of greatly 
affecting the luminescence of bacteria without lowering the oxygen 
consumption to any great extent. This evidence, as well as other facts, 
indicates that the oxygen consumed for luminescence is a small per¬ 
centage of the total respiration. 
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11. DEHYDROGENASES 

A dehydrogenase may be defined as an enzyme which activates or 
mobilizes the hydrogen of a substrate so that it can pass on to some 
spontaneously reducible substance. With a few exceptions, such as 
uricase, the dehydrogenases act in either the presence or the absence 
of molecular oxygen; this fact aids in distinguishing them from the 
true oxidases, which have not yet been found to act in the absence of 
molecular oxygen. It is also quite generally realized that the mobilized 
hydrogen from a given substrate may be transported over a number of 
ephemeral intermediate substances before it ultimately combines with 
a final hydrogen acceptor, such as oxygen. 

Like other enzymes, the individual dehydrogenases are named ac¬ 
cording to the substrate which they attack. However, from a classifi¬ 
cation standpoint, it is often desirable to group the various dehydro¬ 
genases on the basis of the first carrier which accepts the hydrogen 
from the substrate-dehydrogenase complex. This method has been 
employed by Potter (1939) and others, and we shall use it here (see 
Table 12). For example, the aerobic dehydrogenases^ such as xanthine 
oxidase, d-amino acid dehj^drogenase, and uricase, transfer the acti¬ 
vated hydrogen from the substrate-enzyme complex directly to oxygen 
and thus reduce oxygen to H 2 O 2 . Although it is difficult to distinguish 
the aerobic dehydrogenases from the oxidases, they may be differen¬ 
tiated on the basis that oxidases reduce only molecular oxygen, whereas 
aerobic dehydrogenases can reduce other substances besides oxygen. 
It should be kept in mind, however, that this may be only a quantita¬ 
tive difference and that actually there is no sharp line of demarcation 
between these two groups of enzymes. The so-called anaerobic dehy¬ 
drogenases also activate the hydrogen of the substrate, but instead of 
molecular oxygen being the first carrier, other substances serve instead, 
for example, cytochrome, coenzyme I (diphosphopyridine nucleotide, 
DPN), or coenzyme II (TPN). 

Two methods have been extensively used for the study of dehydro¬ 
genation respiration. They are: (1) the Thunberg dye-reduction tech¬ 
nique, in which a nontoxic dye, such as methylene blue, of the proper 
potential serves as the hydrogen acceptor, and (2) the Warburg appara¬ 
tus, by which the amount of oxygen consumed by a certain volume of 
bacterial suspension is measured. The reactions, written in a simple * 
manner, are: 

(1) Donator-H 2 + Methylene blue = Donator + Methylene blue-H 2 

(Oxidized) (Reduced, colorless) 

(2) Donator-Hj + Oxygen — Donator + H 2 O 
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The Thunberg technique was first extensively used in bacteriology 
by Quastel and Whetham (1924, 1925) who employed nonproliferating 
bacteria (“resting bacteria'^) as a source of enzymatic material. In the 
past few years, however, the Warburg apparatus has been used more 
frequently for respiration studies than has the Thunberg technique. 

The number of individual substances which can serve as hydrogen 
donators for bacteria is very numerous, and even single species, such 
as Escherichia coli, can dehydrogenate a great many substances. Such 
compounds as the lower members of the fatty acid series, dicarboxylic, 
hydroxy, and amino acids, polyhydric alcohols, and various sugars have 
been studied as hydrogen donators for bacteria. This point may be 
illustrated further by citing the study by Steinbach (1940). Using 
the Warburg apparatus, he found that the following substances served 
as hydrogen donators for: 

Pseudomonas aeruginosa: glucose, lactate, fumarate. 

Pasteurella avicida: glucose, lactate, pyruvate, succinate, fumarate, citrate, 
alanine, leucine, and asparaginate, but not malonate or glutaminate. 

Mycobacterium tuberculosis: lactate, pyruvate, succinate, and glycerophos¬ 
phate did not serve as donators. 

Brucella abortus: glucose, lactate, pyruvate, succinate, fumarate, maleinate, 
malate, oxaloacetate, citrate, glycerophosphate, acetaldehyde, formaldehyde, 
and the amino acids alanine, leucine, glutaminate, and asparaginate, but not 
malonate. 

Escherichia coli: lactate, pyruvate, succinate, fumarate, oxaloacetate, cit¬ 
rate, and alanine, but not malonate or leucine. 

Salmonella choleraesuis: glucose, succinate, glutaminate, and asparaginate, 
but not fumarate. 

Clostridium septicum: lactate and glutaminate. 

Clostridium novyi: lactate and leucine. 

Clostridium chauvoei: glucose. 

The oxygen uptake by the various species was different and varied 
also with the nature of the donator. For example, with Pseudormnas 
aeruginosa the oxygen uptake varied from 194 cu. mm. O 2 per hour per 
milligram dry weight (bacteria alone) to 467 cu. mm. O 2 per hour per 
milligram dry weight with 3 donators; with Pasteurella avicida^ from 
5 cu. mm. (bacteria alone) to 195 cu. mm. with 9 donators; Avith Brucella 
abortus, from 3 cu. mm. to 58 cu. mm. with 17 donators; with Escher^ 
ichia coli, from 5 cu. mm. to 147 cu. mm. with 7 donators; with Sal¬ 
monella choleraesuis, from 4 cu. mm. to 100 cu. mm. with 4 donators; 
with Clostridium septicum, from 0.05 cu. mm. to 1.98 cu. mm. with 2 
donators; with Clostridium chauvoei the uptake was 0.06 cu. mm. with 
1 donator; and with Clostridium novyi, from 0.38 cu. mm. to 2.8 cu. mm 
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per hour with 2 donators. Although this list of donators is incomplete 
for some of the organisms, we may draw the conclusions that certain of 
the aerobic bacteria (Ps. aeruginosa, P. avicida) consume more oxygen 
than others (E. coli, S. choleraesuis), and that the anaerobes utilize 
very little oxygen, as is to be expected, but they consume some. Stein- 
bach also found that the nature of the donator influenced the respira¬ 
tion of the cells. For instance, with P. avicida, B, abortus, and E. coli, 
lactate and succinate were the best and second-best donators, respec¬ 
tively, followed by fumarate and then oxaloacetate and citrate. 

Many of the substrates which undergo dehydrogenation in the 
presence of bacteria are likewise acted upon by animal tissues. Proba¬ 
bly the best examples are lactate and succinate. On the other hand, 
such substances as formic acid and hydrogen are apparently attacked 
only by certain bacteria. The formic dehydrogenase catal 5 ^zes the re¬ 
actions HCOOH + A —> AH 2 + CO 2 , where A represents the oxi¬ 
dized form of a suitable hydrogen acceptor [Quastel and Whetham 
(1925), Stickland (1929), Gale (1939)]; the hydrogenase catalyzes the 
reaction H 2 + A —> AH 2 and thus effects reductions by converting 
molecular hydrogen to an active form [Stephenson and Stickland 
(1931-1933)]. 

The desmolases of bacteria seem to be more difficult to separate from 
the cells than the corresponding enzymes of animal and plant tissues. 
For this reason cell-free extracts have not been extensively studied, 
except in certain dehydrogenases from E, coli and a few other bacteria. 
Some separation can be accomplished, however, by exposing bacterial 
cell suspensions to special treatment [Quastel and Wooldridge (1927, 
1928), Booth and Green (1938), Wiggert, Silverman, Utter, and Werk- 
man (1940)]. Briefly, the techniques consist of exposing a bacterial 
suspension or mass to abnormal conditions, such as high-frequency 
sound waves, alternate freezing and thawing, unfavorable hydrogen-ion 
concentrations, high concentrations of salt and other chemicals, grind¬ 
ing by special methods, and other techniques which crush or destroy 
the cells. After such treatments the cellular debris is removed by cen¬ 
trifugation and filtration, and the cell-free extracts are ready for inves¬ 
tigation. In this connection the study by Wooldridge and Glass (1937) 
is very important and interesting. They reported that, although the 
formic, lactic, and succinic dehydrogenases of E. coli are still active in 
cells no longer viable, the activity of glucose dehydrogenase and 
amino acid dehydrogenases is greatly reduced in dead cells, and that the 
amount of dehydrogenase activity per cell is greatest during the phase 
of logarithmic growth. 



DEHYDROGENASES 


561 


Most workers in the past have not used cell-free extracts in their 
studies of the dehydrogenase activities of bacteria; rather they have 
subjected the bacteria to different chemicals, such as toluene, benzene, 
phenol, chloroacetic acid, and permanganate for various intervals of 
time to determine the effect of these compounds on the dehydrogenases 
of nonproliferating bacteria [see Bach and Lambert (1937)]. After 
such treatment the suspension of cells is usually centrifuged and 
washed, and then a comparison is made of the enzymatic activity of 
the treated cells and an untreated preparation. Instead of a general 
destruction of the whole dehydrogenase system taking place under such 
conditions, what usually happens as the treatment becomes more dras¬ 
tic is that only certain systems drop out or are destroyed, others being 
left practically unaltered. Also a variation in the type of treatment 
may result in different sets of mechanisms being lost or retained. These 
points are well illustrated in Tables 14,15, and 16, where it will be seen 

TABLE 14 

Reduction Times (Dehydrogenase Activity) after Exposure of Escherichia 
coli TO Various Chemicals 


[From Quastcl and Wooldridge (1927)] 


Substrate 
(Donator), 
Concentra¬ 
tions 
0.007 M 

Con¬ 

trol, 

Normal 

Organ¬ 

isms 

Treatment of Cellular Suspension * 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

Reduction Time, 
minutes 

Succinic acid 

14.2 

34 

00 

21.5 

00 

69 

00 

00 

Lactic acid 

7.7 

17 

54 

8.7 

25 

10 

00 

00 

Formic acid 

4.0 

7.2 

14.2 

4.7 

25.7 

9.2 

49 

00 

Glucose 

5.2 

9.0 

55 

00 

00 

00 

00 

00 

Fructose 

5.5 

10.5 


00 

00 

00 

00 

00 


* Each vacuum tube contained 2.0 ml. phosphate buffer pH 7.4, 1.0 ml. 1/5,000 
methylene blue, 1.0 ml. donator, 1.0 ml. bacterial suspension, and 2.0 ml. saline. 

(a) 1.0% NaCl, 17 huors, pH 7.0. (d) Propyl alcohol, 30 minutes. 

(b) 1.0% NaCl + 1.0% NaN02, 17 hours, (e) Chloroform, 4 hours. 

pH 7.0. (f) Cyclohexanol, 5 minutes. 

(c) Toluene, 5 minutes. (g) Cyclohexanol, not removed. 
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that the exposure of cells of E, coU to various chemical agents does not 
affect the dehydrogenation of all donators to an equal extent when 
the Thunberg-methylene blue-reduction method is employed. The 
data in Table 14 show in general that the mechanism causing the 
activation of hydrogen of the sugars is the most sensitive to chemical 
treatment and is the first to disappear, followed by the succinic, lactic, 
and formic acid systems in that order. When other ‘'poisons” are 
selected, however, they may alter this order of elimination. For ex¬ 
ample, it will be seen in Table 15 that formic dehydrogenase was the 
first to disappear (having the longest reduction time) when the cells 
are treated with KMn 04 , KCN, or H 2 O 2 , whereas the same enzyme was 
the most resistant to the reagents, such as toluene and propyl alcohol, 

TABLE 15 

Reduction Times (Dehydrogenase Activity) after Exposure of Escherichia 
coli TO Various Chemicals 
[From Quastel and Wooldridge (1927)] 




Treatment of Cellular Suspension 

Substrate 
(Donator), 
Concentrations 
0.007 M 

Control, 

Normal 

Organisms 

KMn04 

0 .001%, 1 hour, 
pH 7.4, 37‘^C. 

KCN 

0 .01%, 1 hour, 
pH 7.4, 37°C. 

H 2 O 2 

5% of 20 voL, 
30 minutes, 
pH 7.4, 37°C. 



Reduction Time, 
minutes 

Succinic acid 


92 

49 

203 

Lactic acid 


29 

28 

50 

Formic acid 


180 

00 

00 

Glucose 

8 

27.5 

15 

i 

QO 


employed in the preceding experiment (Table 14). The data in Table 
16 also show that a concentration of 10“^ N of silver sulfate has no 
effect on formic dehydrogenase, but several other enzymes are inhibited. 
Bach and Lambert (1937) have also studied the effect of a large number 
of inhibitors on the dehydrogenases of Staphylococcus aureus. 

The effects of several salts on the dehydrogenase activity of yeast and 
macerated yeast extract were determined by Hock (1939). He used the 
methylene blue-reduction technique of Thunberg and found that the 
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cations inhibited the reduction time according to the following order: 
mercury, copper, gold, thorium, lanthanum, barium, manganese, 
potassium. 

Whether each specific bacterium contains enough separate enzymes 
to dehydrogenate every substance oxidized by it is a debatable question 
which will not be discussed here. Some workers [see Kluyver and 
Donker (1925)] are of the opinion that a general mechanism (affinity 
for hydrogen) accounts for most dehydrogenation activity, and that it 
is not necessary to postulate a separate enzyme for the great variety 
of compounds which a bacterium may be able to decompose. On the 

TABLE 16 

Effect of Silver Ions on Some Enzymes of Escherichia coli 
[From Yudkin (1937)] 


Enzyme 

Methylene Blue Reduction Time in the Presence of 
the Following Concentrations of Ag 2 S 04 , 
minutes 

0 

N X 10-« 

N X 10-® 

N X lO-* 

Glucose dehydrogenase 

7.5 

7.5 

13.5 

>120* 

Succinic dehydrogenase 

36.0 

41.0 

75.0 

>120 * 

Lactic dehydrogenase 

10.5 

10.0 

27.0 

>120* 

Formic dehydrogenase 

6.5 

6.75 

6.5 

7.0 

Hydrogenase 

28.0 

28.0 

37.0 

>120 * 



H 2 Evolved per Hour, 




microliters 


Formic hydrogenlyase 

112 

105 

73 

0 


* Not reduced in 2 hours. Intervals above this length not used. 

other hand, the fact remains that enzymes are fairly specific, and, 
although several enzymes may contain the same prosthetic group, 
their activity is governed also by the protein carrier, which is usually 
different for each enzyme. 

A few typical dehydrogenases will now be briefly discussed. Some of 
the other ones which are listed in Table 12 have not been studied 
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very extensively, if at all, in bacteria and will not be mentioned. For 
reviews on the subject of the dehydrogenases Chapter 2 by Potter 
(1939) in the treatise. Respiratory Enzymes, the books by Green (1940) 
and Sumner and Somers (1943), and the reviews by Franke (1940, 
1943) should be consulted. All these works contain a great deal of 
interesting and valuable information from which the author has drawn 
freely in the preparation of the data in this chapter. 

Aerobic Dehydrogenases. 1. Xanthine Oxidase (Schardin- 
ger's Aldehyde Oxidase). This enzyme was apparently first studied 
by Schardinger in 1902, who observed that aldehydes will reduce 
methylene blue in the presence of milk. In 1922 Hopkins and his 
associates discovered an enzyme in many animal tissues which oxidized 
xanthine to uric acid. They called the enzyme xanthine oxidase. 
For a long time it was assumed that this enzyme was distinct from the 
Schardinger enzyme. However, the extensive studies by Dixon and 
his coworkers in Cambridge, England, have shown that xanthine oxi¬ 
dase catalyzes both oxidations [see Booth (1938) and Dixon (1938)]. 
In fact, it has been found that the enzyme oxidizes some thirty-five 
nontoxic aromatic and aliphatic aldehydes and nine purines related to 
xanthine and hypoxanthine. A satisfactory explanation of how one 
enzyme can catalyze the oxidation of two classes of substances as 
widely different as aldehydes and purines is not yet available. There 
is one interesting difference, however, between purine and aldehyde 
activation. Whereas the maximum rate of oxidation of purines occurs 
at low concentrations (0.00015 M), the maximum rate with aldehydes 
takes place at relatively high concentrations (0.06 Af). This fact ap¬ 
parently means that the affinity of the enzyme for purines is approxi¬ 
mately 400 times greater than for aldehydes. 

Xanthine and hypoxanthine are oxidized to uric acid by xanthine 
oxidase, and oxygen is simultaneously reduced to H 2 O 2 (see Table 6): 

Xanthine 

Xanthine + O 2 ^ .. —> Uric acid + H 2 O 2 

The pH optimum for this reaction covers a wide range of from 6.5 to 
9.0. The enzyme is irreversibly inactivated by cyanide in the absence 
of substrate, but uric acid will protect it against this inhibitor. It is 
not affected by carbon monoxide or toluene. Hydrogen peroxide de- 
strosTS the enzyme, providing catalase is not present. 

Xanthine oxidase (or dehydrogenase) is a flavoprotein enzyme which 
is quite widely distributed in nature, especially in milk and the livers 
of cert^ animals. The purest preparations have been obtained from 
milk by Ball (1939) and others. It has been reported to be absent in 
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yeasts and apparently has not been studied a great deal in bacteria 
and other fungi. Barker and Beck (1941) studied the anaerobic de¬ 
composition of xanthine, hypoxanthine, and several related purines 
by Clostridium acidi'-urici, but the end products were ammonia, carbon 
dioxide, and acetic acid, rather than uric acid. Therefore, the enzyme 
systems and intermediate compounds known to be involved in purine 
breakdown by animal tissues, plants, and probably aerobic microorgan¬ 
isms are evidently not concerned in the dissimilation processes by this 
anaerobic bacterium. Although the mechanism is obscure. Barker 
and Beck believe that these dissimilations represent oxidations in which 
CO 2 acts as the ultimate hydrogen acceptor and is reduced to acetic 
acid. However, the Schardinger aldehyde enzyme has been observed 
in several microorganisms, and possibly the failure to demonstrate 
xanthine oxidase activity can be explained on the grounds that xanthine 
was not tried as a substrate. 

2. d-AMiNO Dehydrogenase (d- Amino Oxidase). An enzyme 
which catalyzes the oxidation of d- or unnatural a-amino acids has 
been isolated from liver and kidney by Krebs. One of the main differ¬ 
ences between this enzyme and the Z-amino acid oxidases is the ease 
with which it can be extracted from ground tissues; the Z-amino acid 
oxidases seem to be more firmly bound to the insoluble particles of the 
cell. Warburg and his associates, Negelein and Bromel (1939), and 
others have highly purified the specific protein of d-amino acid oxidase. 
It is a flavoprotein with a molecular weight of approximately 65,000, 
and, although it appears to be on the borderline between the oxidases 
and aerobic dehydrogenases, it functions as a true dehydrogenase. 
The amino acids are thought to be oxidized first to the corresponding 
unsaturated imino acids, thus: 

R CH COOH + Acceptor R-C-COOH + Acceptor•2H 

I II 

NH 2 NH 

The amino acid oxidase apparently functions in this reaction, since 
the hydrolysis of the imino acid to the keto acid and ammonia is thought 
to be an uncatalyzed reaction: 

R C COOH + H 2 O R-C-COOH + NH 3 


NH O 

Certain bacteria presumably oxidize the unnatural amino acids, 
although their enzyme has not been studied in cell-free extracts. Bem- 
heim, Bemheim, and Webster (1935), and Webster and Bemheim 
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(1936) studied the oxidation of thirteen amino acids by “resting^* 
Proteus vulgaris and Pseudomonas aeruginosa. In P. vulgaris only the 
natural optical isomers were oxidized, except in alanine and serine, 
where both isomers were attacked. Ps. aeruginosa also oxidized the 
d-forms of alanine, serine, tyrosine, and proline. 

The amino acids present in cells are usually all of the levo configura¬ 
tion. Thus, it is not known why certain cells are endowed with a 
specific enzyme of this type, unless its role is to destroy dextro amino 
acids which may be formed as a result of the racemization of the 
natural amino acids [Sumner and Somers (1943)]. It is also of interest 
to note that several workers believe that certain tumors are rich in 
d-amino acids and low in d-amino acid oxidase. 

3. Amine Dehydrogenase (Tyramine Oxidase, Histaminasb, 
ETC.). The monoamine oxidases, such as tyramine oxidase, specifically 
catalyze the oxidation of primary (tyramine), secondary (adrenaline), 
and tertiary (hordenine) amines, according to the general equation: 

RCH2NH2 + H2O + O2 RCHO + NH3 + H2O2 

Since amino acids are not attacked, these enzymes can be differ¬ 
entiated from the amino acid dehydrogenases. Certain diamine oxi¬ 
dases, such as histaminase, are also known. To be attacked by a 
diamine oxidase a substrate must contain two amine groups. 

Certain bacteria can utilize amines as a source of nitrogen and ap¬ 
parently contain enzymes which catalyze their oxidation. However, 
specific enzyme studies are not available on the oxidation of amines by 
bacteria. 

4. Uricase. In the presence of oxygen, uricase converts uric acid 
to allantoin, as is shown in Table 6. The enzyme has been obtained 
from animal tissues in a highly purified state; it is a metalloprotein 
containing 0.09 per cent zinc, 0.2 per cent iron, and 14.4 per cent nitro¬ 
gen [Davidson (1942)]. 

Several bacteria and molds are known which are capable of oxidizing 
uric acid [see Morris and Ecker (1924), Barker and Beck (1941, 1942)], 
and the utilization of uric acid as a source of nitrogen by Aerohacter 
aerogenes helps to differentiate it from Escherichia coli and other closely 
related species [see Koser (1918), Mitchell and Levine (1938)]. Specific 
enz 3 rme preparations from microorganisms, however, have not been 
studied. 

Anaerobic Dehydrogenases. Class A. Cytochrome-Linked 
Dehydrogenases. 1. Succinic Dehydrogenase. The succinic enzjrme 
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is very widespread in nature. It has been demonstrated in almost 
every tissue in the animal body and has also been found in many micro¬ 
organisms and higher plants. The enzyme converts succinic acid into 
fumaric acid according to the equation given in Table 6. Molecular 
oxygen, methylene blue, or similar hydrogen acceptors are required for 
its action. In the presence of oxygen the enzyme functions by way of 
the cytochrome-cytochrome oxidase system, thus: 

Succinate + 2 Cytochrome —> Fumarate + 2 Reduced cytochrome 

T _ 

Dehydrogenase 

2 Reduced cytochrome + ^02 —> 2 Cytochrome + H 2 O 
or in the presence of methylene blue and no cytochrome, as: 

Succinate + Methylene blue Fumarate + Leuco methylene blue 
I (Methylene white) 

Dehydrogenase 

Leuco methylene blue -f O 2 Methylene blue + H 2 O 2 

Although it has been generally accepted that succinodehydrogenase 
reacts directly with the cytochrome system, experiments by Hopkins, 
Lutwak-Mann, and Morgan (1939), Straub (1942), and others indicate 
that there may be some intermediate substance or enzyme system 
which functions between them. This unknown intermediate is de¬ 
stroyed by exposure to acid, alcohol, or pancreatin and cannot be re¬ 
placed by any known coenzyme. Straub calls this unknown inter¬ 
mediate carrier the SC-factor. 

Succinodehydrogenase is slightly inhibited by certain concentrations 
of fumaric, malic, and other acids which have a similar structure. 
Malonic acid causes strong inhibition, but the inhibition is neutralized 
by the presence of fumarate. Malonate inhibits succinic oxidation be¬ 
cause, although it itself is not oxidized, it is more readily adsorbed 
on the dehydrogenase than is succinate [Elliott (1941)]. Selenite and 
arsenite produce almost complete inhibition, and fluoride is partially 
toxic at very high concentrations, but cyanide and pyrophosphate have 
little or no toxic action. 

It has been postulated by several workers that the energy liberated 
by succinodehydrogenase is utilized by various cells to s)mthesize 
cellular components or is used for the synthesis of energy-rich phosphate 
bonds. 
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Succinic acid and other C 4 -dicarboxylio acids seem to play a very 
important role in the respiration of animal tissues and may function in 
a similar manner in bacteria [see review by Krebs (1941)]. Szent- 
Gyorgyi and associates [see Laki, Straub, and Szent-Gyorgyi (1937)] 
have postulated an interesting theory to explain the role of such acids 
in respiratory processes. They observed that the oxygen uptake during 
glycolysis of minced breast muscle of pigeon gradually decreased with 
time imder ordinary conditions. However, when a few micrograms of 
succinate, fumarate, malate, or oxaloacetate were added to the system, 

OKALOACCnC SUCCINIC 



Fig, 6, The Szent-Gyorgyi Scheme for the Catalytic Activity of the C 4 - 

Dicarboxylic Acids. 

the rate of decline in respiration was stabilized. From this observation 
they concluded that the dicarboxylic acids acted as respiratory catalysts 
rather than as metabolites. To explain this catalytic activity of the 
C 4 -<licarboxylic acids they constructed the scheme (C 4 -dicarboxyIic 
acid cycle) shown in Fig. 6, which needs but little explanation. Ox¬ 
aloacetate, which may arise from the carboxylation of pyruvic acid 
(CH3*C0*C00H + C02 HOOC CH 2 -CO COOH) or by other 
mechanisms, is reduced to malate in cooperation with the oxidation of 
some other intermediate cellular metabolite, such as triosephosphate. 
Part of the malate is then converted to fumarate by the enzyme fumar- 
ase until an equilibrium is established. In the presence of appropriate 
enzymes, fumarate oxidizes some of the malate to oxaloacetate and in 
so doing is reduced to succinate. Coenzyme I presumably mediates 
these hydrogen transfers. Succinodehydrogenase then cooperates with 
the cytochrome oxidase-oxygen system to reoxidize the succinate to 
fumarate. The cycle may then be repeated again and again. Accord¬ 
ing to this scheme, the C 4 -dicarboxylic acids act in a catalytic capacity 
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as intermediators between metabolites, on the one hand, and the cy¬ 
tochrome-oxygen system, on the other. Also with such a cycle it is 
possible for certain metabolites to be indirectly oxidized by the cyto¬ 
chrome system, although they themselves are unable to react directly 
with the cytochromes. For more details of the mechanism of the 
Szent-Gy 6 rgyi-C 4 -dicarboxylic acid cycle Green (1940) and Elliott 
(1941) should be consulted. 

It has already been stated that succinic acid dehydrogenase has been 
demonstrated in many bacteria. So, too, have the dehydrogenases of 
the other C 4 -dicarboxylic acids [see review by Krebs (1941)]. The 
most complete studies of this subject are those by Quastel and Whet- 
ham (1924), Quastel, Stephenson, and Whetham (1925), Quastel and 
Wooldridge (1927, 1928), and Krebs (1937); their papers should be 
consulted for many interesting details. For example, they have shown 
that resting cells of Escherichia coli convert succinic acid to fumaric 
acid in the presence of methylene blue; by starting with leuco methylene 
blue and fumaric acid, the reaction is reversed. When the organism 
is grown anaerobically with glycerol or lactate plus fumarate in the 
medium, the fumarate serves as a hydrogen acceptor for the oxidation 
of the substrates. Krebs also presented evidence to show that in E. coli 
fumarate catalyzes the aerobic oxidation of glucose, malate, lactate, 
acetate, glycerol, glyceraldehyde, butyrate, pyruvate, acetoaeetate, 
J-(-|-)-glutamate, and molecular hydrogen. The oxidation of lactate, 
malate, and formate can take place independently of fumarate, but 
most of the aerobic oxidation of the other substances seems to be medi¬ 
ated by fumarate-succinate. Oxaloacetate also appears to be a hydro¬ 
gen carrier in E. coli and other bacteria. 

Sykes (1939) has studied the influence of certain germicides on 
the succinodehydrogenase of E. coli. His results show that the con¬ 
centrations of certain phenolic compounds required to inhibit com¬ 
pletely the succinodehydrogenase are only slightly higher than the 
concentrations which are lethal for the organism. 

8. a-Glycerophosphate Dehydrogenase. This enzyme was first ob¬ 
served by Meyerhof in 1919, but it was not until 1936 that Green made 
a systematic study of its properties [see Green (1940)]. Although the 
enzyme has been demonstrated in yeast, most of the studies have been 
concerned with preparations from animal tissues, skeletal muscle being 
one of the best sources of the enzyme. Animal tissues apparently 
contain two separate enzymes which are capable of catalyzing the oxi¬ 
dation of o-glycerophosphate; one is a typical pyridinoprotein which 
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will be described later with triosephosphoric acid dehydrogenase; the 
other is independent of the pyridine nucleotides and functions through 
the cytochromes. This second enzyme catalyzes the oxidation of 
f-(+)-a-glycerophosphate (CH 20 H-CH 0 H-CH 20 P 03 H 2 ) toglyceral- 
dehyde phosphate (OHC • CHOH • CH2OPO3H2) by way of cytochrome, 
thus: 

a-Glycerophosphate + 2 Cytochrome —^ 

T 

Dehydrogenase 

Glyceraldehyde phosphate + 2 Reduced cytochrome 
4 Reduced cytochrome + O 2 4 Cytochrome + 2 H 2 O 

T 

Cytochrome 

oxidase 

The product (glyceraldehyde phosphate) of this reaction is very 
unstable and usually breaks down to phosphoric acid and other com¬ 
pounds, such as methylglyoxal. Other closely related compounds, 
such as d-(+)-glycerophosphate, glycerol, and jS-glycerophosphate, 
are not attacked. Besides cytochrome, other hydrogen acceptors, 
such as methylene blue and pyocyanin (from Pseudomonas aeruginosa), 
can cooperate with the enzyme to produce the reaction. Flavin, 
flavoproteins, ascorbic acid, and glutathione cannot function in this 
capacity. 

S. Lactic Dehydrogenase {Yeast and Bacteria). An enzyme has been 
demonstrated in yeast [see Green (1940)] and in several bacteria, in¬ 
cluding the gonococcus [Barron and Hastings (1933)], which catalyzes 
the oxidation of lactic acid and a-hydroxybutyric acids to the corre¬ 
sponding keto acids. The enzymes apparently function in cooperation 
with the cytochromes, but the pyridine coenzymes may also be in¬ 
volved. Although Barron and Hastings did not definitely identify their 
oxygen-activation system with the cytochrome-cytochrome oxidase sys¬ 
tem, they spoke of it as a hemin compound and described the oxidation 
of the active substrate (lactate) in terms of electronic exchange. In 
other words, the reducing system (lactate) becomes oxidized while the 
oxidizing system (hemin compound) is being reduced. Molecular oxy¬ 
gen then reoxidizes the ferrous hemin to ferric hemin, and the hemin is 
again ready to act as an oxidizing agent. The chain of reactions may 
be expressed as follows: 
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(1) 2 CH 3 <CHOH COO- + 4Fe+++ 

Lactate 

2 CH 3 COCOO- + 4Fe++ + 4H+ 

Pyruvate 

( 2 ) 4Fe‘^+ + 2 O 2 4Fe+++ + 40“ 

(3) 4H+ + 40“ 2 H 2 O 2 

(4) 2 H 2 O 2 + Catalase —► 2 H 2 O + O 2 

The iron in the above equations may be in the form of the hemin cyto¬ 
chrome. 

Lactic acid dehydrogenase is one of the few bacterial enzymes which 
has been separated from the cell. It is prepared by allowing washed 
suspensions of E. coli to autolyze in the presence of 1 per cent fluoride 
for several days. The cellular debris is then removed by filtering 
through kicsclguhr, and the enzyme is precipitated by saturation with 
ammonium sulfate and redissolved with considerable loss of activity 
[Stephenson (1928)]. 

It is impossible at this time to state whether the lactic dehydrogenase 
of microorganisms is the same as that of muscle, which is known to be 
linked through coenzyme I. Little is known concerning this detail in 
microbial enzymes. 

4 . Formic Dehydrogenase (E, coli). Most of our information con¬ 
cerning formic dehydrogenase is due to Gale (1939), who has prepared 
and studied cell-free extracts from E. coli. The enzyme catalyzes the 
oxidation of formate to carbon dioxide: 

HCOOH + Acceptor —> CO 2 + Reduced acceptor 

Purified preparations of the enzyme do not catalyze the oxidation 
of formate by molecular oxygen, except when an added carrier, such 
as methylene blue, is present. However, crude preparations catalyze 
the oxidation of formate by molecular oxygen in the absence of an 
added carrier. Since the crude preparations contain both cytochrome b 
and cytochrome oxidase, it is believed that they account for the reac¬ 
tion with oxygen in the absence of an added carrier. During the proc¬ 
ess of purification the oxidase-cytochrome b system is destroyed, and 
this fact accounts for the need of an added carrier when purified prepa¬ 
rations of the enzyme are employed. 

A formic dehydrogenase has also been isolated from dried peas, but 
it differs from the enzyme just described in that it requires coenzyme 
I rather than cytochrome. 

Class B. Coenzyme I-Linked Dehydrogenases. 1 and 2. Lactic 
and Malic Dehydrogenases. The lactic enzyme is very widely dis- 
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tributed in animal tissues, and it is not definitely known whether this 
enzyme is identical with the one discussed under cytochrome-linked 
dehydrogenases. Both catalyze the same general reaction, but they 
differ in that this enzyme functions by way of coenzyme I: 

Lactate + Coenzyme I ^ Pyruvate + Reduced coenzyme I 

The enzyme catalyzes the oxidation of Z-(+)-lactate to pyruvate. 
a-Hydroxybutyrate is also attacked, but much more slowly than is 
lactate. Lactamide, d-(—)-lactate, tartronate, serine, malonate, gly- 
cerate, and citrate will not serve as substrates. 

The malic dehydrogenase, which catalyzes the oxidation of malic 
acid (HOOC-CHOH-CHa-COOH) to oxaloacetic acid (HOOC-CO- 
CH 2 *COOH), is very similar in its properties to the lactic dehydroge¬ 
nase. It too requires coenzyme I for its activity: 

Malate -f- Coenzyme I Oxaloacetate + Reduced coenzyme I 

The malic enzyme has been demonstrated in muscle extracts and 
yeasts. It is undoubtedly present in many bacteria, such as E, coli 
[Gale and Stephenson (1939)] and Aerobacter aerogenes [Barker (1936)]. 
The fermentation of malic acid by A. aerogenes gives rise to essentially 
the same products as are formed by this organism from glucose, that is, 
formic, acetic, and succinic acids and carbon dioxide. In all probability 
the course of the reaction is by way of oxaloacetic acid, which is then 
decarboxylated to yield pyruvic acid (CH3COCOOH). 

S. fi-Hydroxyhutyric Dehydrogenase, This enzyme, like the lactic 
and malic dehydrogenases, functions by way of coenzyme I. The en- 
Z 3 rme has been studied quite extensively by Green and his associates and 
others [see Green (1940)], who have isolated it principally from heart 
muscle. It is probably present in microorganisms, although no system¬ 
atic studies have appeared in the literature. The enzyme catalyzes the 
oxidation of jS-hydroxybutyric acid (CH 3 -CHOH-CH 2 -COOH) or its 
salts to acetoacetic acid (CH 3 'CO*CH 2 -COOH) by way of the pros¬ 
thetic group, coenzyme I, thus: 

/5-Hydroxybutyrate + Coenzyme I ^ 

Acetoacetate + Reduced coenzyme I 

In nature this oxidation reaction may cooperate through coenzyme I 
with a simultaneous reduction, such as the reduction of aldehyde to 
alcohol: 

- Enayme 

iS-Hydroxybutyrate + Coenzyme I - > 

Acetoacetate + Reduced coenzyme I 

Ensyme 

Reduced coenzyme I + Aldehyde-> Alcohol + Coenzyme I 
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or the reduction of other substances (oxaloacetate or pyruvate): 


jS-Hydroxybutyrate + 


Oxaloacetate ^ 

Coenayme 


Enzymes 

Pyruvate 


Acetoacetate + 


Malate 

or 

Lactate 


Such reactions are known as coenzyme I-linked, and the butyrate is 
spoken of as the reducing half and the other systems as the oxidizing 
half. Since the acetoacetic acid formed in the above reactions is rela¬ 
tively unstable, it may decompose spontaneously, yielding acetone and 
carbon dioxide: 


CH3 CO CH2 COOH CHs-CO-CHa + CO2 

However, Davies (1943) has shown in Clostridium acetobviylicum that 
this reaction is catalyzed by a specific decarboxylase. 

4- Glucose Dehydrogenase. Glucose dehydrogenase from animal 
tissues catalyzes the oxidation of d-glucose, CH 20 H(CH 0 H) 4 CH 0 , to 
gluconic acid, CH 20 H(CH 0 H) 4 C 00 H, with the cooperation of coen¬ 
zyme I (DPN) or coenzyme II (TPN). It seems to be one of the few 
enzymes which can function in the presence of either coenzyme I or 
coenzyme II. Gluconic acid is the only breakdown product which has 
been observed, and d-glucose is the only sugar that will serve as a 
substrate. This enzyme was first isolated and studied by Harrison in 
1931, who used acetone-dried liver as a source for the enzyme. The 
literature on this subject is fully reviewed by Potter (1939) and Green 
(1940). 

A few bacteria are known which can produce gluconic acid from 
glucose, but cell-free extracts have not been employed. For example, 
Lockwood, Tabenkin, and Ward (1941) studied the production of 
gluconic acid and 2-ketogluconic acid from glucose by species of 
the genera Pseudomonas and Phytomonas. Pse'iidomonas ovalis pro¬ 
duced only gluconic acid from glucose, converting approximately 92 
per cent of the fermented sugar to gluconic acid. Four species of the 
genus Phytomonas also produced 40 to 80 per cent gluconic acid from 
glucose. Several molds also ferment glucose to gluconic acid, but the 
specific enzyme responsible has not been isolated [see Forges, Clark, 
and Aronovsky (1941)]. 

S. Alcohol Dehydrogenase. This enzyme has been isolated from liver 
and yeast, although it is doubtful if the enzymes are identical, since 
preparations from liver are not inhibited by .01 M iodoacetic acid, 
whereas those from yeast are inhibited by .001 M iodoacetic acid. 
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Certain bacteria undoubtedly possess an enzyme with similar proper¬ 
ties, but little or no information is available on this point. 

Liver and yeast alcohol dehydrogenases catalyze the oxidation of 
simple primary or secondary aliphatic alcohols to their corresponding 


aldehydes or ketones: 

Ri 

Ri 

_ _ — —2H 


-2H \ 

- > ( 

R CH 2 OH -> 

R-CHO; CHOH - 


/ 

/ 


R 2 

R 2 


Coenzyme I presumably mediates the hydrogen transfers, although 
other components may also function in the complete system. If ethyl 
alcohol and isopropyl alcohol ^vere substituted in the foregoing ex¬ 
amples, acetaldehyde and acetone, respectively, would be the end prod¬ 
ucts. Physiologically the enzyme catalyzes both the aerobic oxidation 
of alcohol and the anaerobic reduction of acetaldehyde. Apparently 
sugars, hydroxy acids, and polyhydroxy alcohols will not serve as 
substrates. 

6. Aldehyde Mviase. For a long time it has been recognized that an 
alcohol dehydrogenase and an aldehyde dehydrogenase (Schardinger 
enzyme, xanthine oxidase) exist which will oxidize alcohols to alde¬ 
hydes, and aldehydes to acids respectively. Now to complicate the 
picture further another enzyme, aldehyde mutase, has been found in 
animal tissues which dismutes aldehydes to acids and alcohols, provid¬ 
ing coenzyme I is present. It will be recalled that a mutase catalyzes 
the dismutation of a substance, that is, an oxidation-reduction between 
two molecules of the substrate, whereby one is oxidized and the other 
reduced, thus: 

2 CH 3 CHO + H 2 O ^ CH 3 CH 2 OH + CH 3 COOH 

The dismutation of aldehyde by its mutase takes place in two steps 
by cooperation with coenzyme I: 

Aldehyde + Coenzyme I Acetate + Reduced coenzyme I 
Reduced coenzyme I + Aldehyde —» Alcohol + Coenzyme I 

The evidence indicates that aldehyde mutase is distinct from alcohol 
dehydrogenase and aldehyde dehydrogenase [Dixon (1938)]. Actually, 
however, the enzyme is equivalent to an alcohol and aldehyde enzyme 
combined. Acetaldehyde, propionaldehyde, and butyraldehyde are 
most rapidly attacked by the aldehyde mutase; the higher members of 
the series and aromatic aldehydes (benzaldehyde) are dismuted very 
slowly, if at all. 
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The aldehyde mutase probably exists in bacteria and other micro¬ 
organisms, but it has not been studied systematically in cell-free ex¬ 
tracts from organisms other than yeast [von Euler and Brunius (1928)]. 

7 and 8. Triose phosphate and Dihydroxyacetone Phosphate Dehy¬ 
drogenases. These enzymes have been studied principally in connection 
with muscle glycolysis and yeast fermentation. However, they are 
also undoubtedly present in certain bacteria, such as E. coli [Still (1940, 
1941)]. The triose phosphate enzyme catalyzes the oxidation of 3- 
phosphoglyceraldehyde ( 0 HC*CH 0 H-CH 20 P 03 H 2 ) to l:3-diphos- 
phoglycerate (H 2 O 3 POCO • CHOH • CH 2 OPO 3 H 2 ): 

3-Pho8phoglyceraldehyde + H3PO4 + Coenzyme I ^ 1:3-diphoBphoglycerate + Reduced coenzyme I 

The enzyme probably functions in certain coupled oxidation-reduction 
reactions in intermediate cellular metabolism. 

Dihydroxyacetone phosphate dehydrogenase may function in several 
reactions of importance in intermediary metabolism. For instance, it 
may act as an isomerase and catalyze the conversion: 

H0CH2-C0 CH20P03H2 0HC CH0H-CH20P03H2 

Dihydroxyacetone phosphate 3>Pho8phoglyceraldehyde 

For further details about these enzymes Green (1940) and Sumner 
and Somers (1943) should be consulted. 

9. l-{’-\r)-GliJtiamic Dehydrogenase. The oxidation of natural glutamic 
acid by animal tissue extracts in cooperation with coenzyme I or II 
has been known for several years. It is also known that certain bac¬ 
teria can reductively deaminate and oxidize glutamic acid, but in most 
cases the end products have not been determined (see pp. 863 to 864 on 
the decomposition of amino acids by bacteria). Furthermore, in 
bacteria, cell-free extracts have not been emploj^ed, and it has not been 
shown that a coenzyme functions in the process. The glutamic en¬ 
zyme of yeast is specific for coenzyme II, and that from higher plants is 
specific for coenzyme I [Green (1940)]. 

The glutamic acid dehydrogenase from animal sources oxidizes 
glutamic acid to a-ketoglutaric acid and ammonia. Apparently the 
imino acid is an intermediate, and it spontaneously hydrolyzes into 
the end products: 

H00C (CH 2)2 CHNH2-C00H + Coenzyme I 

Qlutamic acid 

H00C.(CH2)2'C:NH-C00H + Reduced coenzyme I 
H00C (CH2)2 C:NH C00H + H 2 O 

flflminoglutaric add 

HOOC • (CH2)2 • CO • COOH + NHg 

o-Ketoglutario add 
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The above reactions are also known to be reversible; that is, by starting 
with a mixture of a-ketoglutaric acid, NH3, and reduced coenzyme I, 
a synthesis of glutamic acid is effected. Since in biological systems 
of-ketoglutaric acid may arise by other mechanisms (see isocitric acid 
dehydrogenase), it seems probable that the reductive amination of 
a-ketoglutaric acid to form glutamic acid may account for the synthesis 
of some of the amino acids in the cell. 

Class C. Coenzyme II-Linked Dehydrogenases. At least four 
enz 3 anes are known which catalyze the oxidation of their substrates in 
cooperation with coenzyme II (TPN). The better known are the hex- 
ose monophosphate, phosphogluconate, isocitrate, and glutamic acid 
enzymes. The glutamic acid enzyme functions with either coenzyme I 
or coenzyme II. It has already been discussed. According to Green 
(1940), very little is kno^vn concerning the role of coenzyme II systems 
in cellular respiration. With the exception of the oxidation of glutamic 
acid the coenz 5 nne II systems have not been reversed; that is, the re¬ 
duced coenzyme does not react with the oxidized substrate. 

1 . Hexose Monophosphate Dehydrogenase. This enzyme was first dem¬ 
onstrated in red blood cells and yeast by Warburg and Christian in 
1931-1932. Since that time it has been studied by several other 
workers, especially by Negelein and Gerischer (1936), who highly 
purified the yeast enzyme by precipitation with 70 per cent saturation 
of (NH 4 ) 2 S 04 , followed by dialysis and precipitation with 10 per cent 
alcohol at pH 4.8 and 0°C. The distribution of the hexose mono¬ 
phosphate enzyme in bacteria is not known, although it undoubtedly 
exists in many organisms. The enzyme from both red blood cells and 
yeast catalyzes the oxidation of glucose- 6 -phosphate, H 2 O 3 POCH 2 - 
(CH 0 H) 4 CH 0 , to 6 -phosphogluconate; H 203 P 0 CH 2 (CH 0 H) 4 C 00 H. 
In crude enzyme preparations the phosphogluconate may be further 
oxidized. In highly purified preparations, however, only the hexose 
monophosphate is oxidized, indicating that another enzyme is responsi¬ 
ble for the activation of the phosphogluconate. 

2, Isocitric Acid Dehydrogenase. Citric acid is widely distributed in 
common foods and is consistently present in small amounts in animal 
tissues and excreta. Various workers have shown that, when citrate is 
administered orally in large amounts, only a small amount is recovered 
in the excreta (urine). Therefore it is clear that citrate can be metab¬ 
olized. It is interesting to note, however, that, when the C 4 -dicarboxy- 
lic acids, pyruvate, and a few other compounds are fed to experimental 
animals and human beings, a large amount of citrate and a-ketoglu- 
tarate occurs in the urine. 
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Even though it has been known for some time that mammalian and 
other tissues can oxidize citrate rapidly, it has only been comparatively 
recently that the main course of the oxidation has been studied. In 
fact, it was not until 1937-1938, when Martius and Knoop published 
their studies, that the problem assumed real importance. They postu¬ 
lated that the oxidation of citric acid or its salts occurs as follows: 
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A nonoxidative enzyme similar to fumarase first converts part of the 
citrate to cis-aconitate and isocitrate until an equilibrium is established, 
the equilibrium values of the concentrations of the three reactants being 
80, 4, and 16 per cent, respectively, at pH 7.0. The isocitrate is then 
irreversibly dehydrogenated by an enzyme which is now known as 
isocitric acid dehydrogenase. This dehydrogenation is mediated 
principally by coenzyme II (TPN), although coenzyme I also seems to 
function in a very much weaker capacity. The first oxidation product 
is thought to be oxalosuccinate, which breaks down spontaneously 
with the liberation of CO 2 to give a-ketoglutarate. In the presence of 
other enzymes the a-ketoglutarate can be oxidized and decarboxylated 
to give succinate (HOOC*CH 2 -CH 2 *COOH). Another interesting 
point in connection with the oxidation of isocitrate has been observed 
by Adler, von Euler, Gunther, and Plass (1939). They have shown 
that the end product of the citrate oxidation may be synthesized to 
glutamic acid by the appropriate enzyme and NH 3 in cooperation with 
coenz 3 ane II and certain salts (Mg"^"^, Mn’^'*“): 


Isocitrate + Coenzyme II —> 

a-Ketoglutarate + Reduced coenzyme II + CO 2 

a-Ketoglutarate + NH3 a-Iminoglutarate 
a-Iminoglutarate + Reduced coenzyme II 

Glutamate + Coenzyme II 
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This type of reaction may account for the synthesis of some of the 
amino acids in the cell. 

It is not known definitely whether the oxidation of citrate by bac¬ 
terial enzymes follows the general scheme just discussed. Brewer and 
Werkman (1939, 1940) have studied the aerobic and anaerobic dis¬ 
similation of citric acid by coliform bacteria and have reported some 
interesting results. For example, the fermentation of citric acid by 
Aerobacter indologenes gives rise chiefly to acetic, succinic, and formic 
acids and carbon dioxide and hydrogen, with small amounts of 2,3- 
butylene glycol, acetylmethylcarbinol, ethyl alcohol, and lactic acid. 
The organism anaerobically dissimilates citric, oxaloacetic, Z-malic, 
fumaric, and pyruvic acids, but not aconitic, citraconic, itaconic, a-hy- 
droxyisobutyric, or tricarballylic acids. Under aerobic conditions 
formic, acetic, and succinic acids, which normally accumulate as final 
products in the anaerobic dissimilation of citric acid, are also oxidized. 
Aconitic acid is oxidized after an induction period, presumably through 
citric acid after hydration; likewise citraconic and a-hydroxyisobutyric 
acids are slowly oxidized after several hours. Tricarballylic and ita¬ 
conic acids are not oxidized. 

Passing mention should be made of the Krebs citric acid cycUy since 
several workers believe that this scheme outlines the principal mecha¬ 
nism of the oxidative breakdown of carbohydrate in muscle and related 
tissues. The cycle was first proposed in 1937 by Krebs and his associ¬ 
ates [see the paper by Krebs and Eggleston (1940) for references to most 
of their work], who found that added citrate (or isocitrate) behaved 
similarly to the C 4 -dicarboxylic acids in that it catalytically promoted 
the respiration of pigeon muscle suspension, especially if glycogen, 
hexose diphosphate, or ^-glycerophosphate were also present. Since 
citrate promoted respiration catalytically, that is, caused a greater O 2 
uptake than its own oxidation could account for, Krebs and his associ¬ 
ates believed that citrate was oxidized and regenerated. When arsenite 
or malonate was added, they found that citrate disappeared. Arsenite 
inhibits the oxidation of a-keto acids, and in its presence a-keto- 
glutarate accumulated in the expected amount. With malonate to 
inhibit succinate oxidation the expected amount of succinate was 
found. Finally, on incubating oxaloacetate with minced muscle 
anaerobically, Krebs and his associates found a synthesis of citrate. 
The two additional C atoms were presumed to have come from carbo¬ 
hydrate derivatives. Though the synthesis involved oxidation, anaero¬ 
bic conditions were necessary to prevent further oxidation of the citrate; 
the oxidation was believed to take place at the expense of the reduction 
of other molecules of oxaloacetate to malate. Krebs and his colleagues 
believed, therefore, that a cycle of reactions takes place according to 
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the diagram shown in Fig. 7, in which the arrows indicate conversion 
of one substance to the next. 

In this scheme pyruvic acid in the presence of oxygen can condense 
with oxaloacetic acid or its salts to form citric acid and CO 2 . In turn, 
citrate Ls broken down through the compounds illustrated in Fig. 7 to 
oxaloacetic acid. The net effect of the citric acid cycle is the complete 
oxidation of the carbohydrate derivative, or ^‘triose/' Also, according 
to this scheme, succinate can arise from added oxaloacetate both by 
oxidation by way of citrate and by reduction through malate and 
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Fig. 7. Krebs’s Citric Acid Cycle. (From Franke, 1940, and Krebs, 1942.) 


fumarate. The succinate formed by either process may then react 
with the cytochrome-cytochrome oxidase system to form water and in 
turn become reduced to fumarate. Krebs has furthermore presented 
evidence which harmonizes his theory with the C 4 -dicarboxylic 
scheme of Szent-Gyorgyi. Both embody the conception of a metabolic 
cycle playing a catalytic role, where the main compounds are broken 
down and regenerated and energy is released by transferring hydrogen 
from a ‘^triose’^ to oxygen through the cooperation of this cycle and 
the cytochrome-cytochrome oxidase system. 

Many of Krebs’ experimental results have been confirmed by other 
workers who also believe that the citric acid cycle is the main pathway 
for carbohydrate metabolism in certain animal tissues. His results 
and conclusions have also been subjected to considerable criticism, 
however, and some investigators even question the existence and im¬ 
portance of a cycle containing citric acid [see review by Elliott (1941)]. 
For example, Stare, Lipton, and Goldinger (1941) have shown that 
the conditions required for the existence of the citric acid cycle are not 
completely fulfilled in chopped avian muscle. In fact, their experi- 
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mental observations appear to favor a cycle involving a conversion of 
pyruvic acid to a-ketoglutarate, without citrate as an intermediary, 
followed by the Szent-Gyorgyi series of conversions of the dicarboxylic 
acids to oxaloacetate. Furthermore, they believe that the occasional 
catalysis of respiration observed when citrate is added to muscle is 
due not to the citrate itself, but rather to the C 4 acids and a-keto¬ 
glutarate which may be formed from it. Citrate may serve as a ^‘stock- 
room'' for the essential catalysts and exert an effect on respiration only 
when they are low. 

More recently. Wood, Workman, Hemingway, and Nier (1942) have 
presented evidence which definitely precludes citrate as an intermediate 
in the dissimilation of pyruvic acid by minced pigeon liver. Using 
labelled carbon (C^^), they have shown that carbon dioxide in the 
medium is fixed or participates in the synthesis of a-ketoglutarate from 
pyruvate. The a-ketoglutarate contains fixed carbon in only one car¬ 
boxyl group. Therefore they believe that, if the a-ketoglutarate arose 
from the symmetrical citrate molecule, it should contain equal amounts 
of fixed carbon in its two carboxyl groups. It is proposed that the 
C 4 -dicarboxylic acids are formed by two mechanisms, one reductive 
through the carbon-fixation reaction, the other oxidative by a tenta¬ 
tive and modified Krebs cycle which does not involve citric acid. 
Finally they believe, “Although certain details of the Krebs cycle may 
be wrong, there is good basis for assuming that the general framework 
is correct." For additional reading on the citric acid cycle Krebs 
(1942) and Green and Stumpf (1944) should be consulted. 

Certain bacteria have played a very important part in helping to 
solve some of the reactions in the citric acid cycle. For details of these 
studies the references just mentioned, especially the recent paper by 
Wood, Workman, and their associates, should be consulted. 

III. PEROXIDASES 

The enzyme peroxidase, or possibly a group of similar enzymes, is 
widely distributed in plant tissues, certain animal tissues, and micro¬ 
organisms. The best natural source is horseradish roots. The enzyme 
catalyses the oxidation of a variety of compounds by means of H 2 O 2 , 
which cannot be replaced by other oxidants, such as molecular oxygen 
or oxidation-reduction dyes. In the presence of oxidizable substances 
(S*H 2 ) the decomposition of H 2 O 2 by peroxidase (P) is very rapid and 
is accompanied by the oxidation of the substance. The reaction may 
be represented as follows: 

P + H2O2 P-H 202 
P H2O2 + S H2 P + S + 2 HaO 
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Examples of oxidations affected by peroxidase derived from horse¬ 
radish are o-diphenols to quinones, nitrite to nitrate, adrenaline, trypto¬ 
phan, and tyrosine to colored products, reduced glutathione and ascor¬ 
bic acid to their respective oxidized forms, and indicators and dyes, 
such as leucomalachite green, to their colored state. Cytochrome c 
peroxidase from yeast is unique in that it only catalyzes the oxidation 
by hydrogen peroxide of reduced (ferro) cytochrome c [Abrams et aL 
(1942)]. 

A great many papers have been published on peroxidase activity 
since the term was first coined by Linossier in 1898. Although Will- 
statter and his colleagues were mainly responsible for the first isolation 
and purification of peroxidase, the most complete works on the chemis¬ 
try of this enzyme are by Keilin and his associates, Theorell, and 
Gjessing and Sumner [see Sumner and Somers (1943)], who have 
obtained it in a highly purified and active form. By means of adsorp¬ 
tion, precipitation, and electrophoresis techniques Theorell in 1940 was 
able to obtain a horseradish-peroxidase preparation in a high degree of 
purity. Furthermore, he separated this preparation into two fractions, 
which he called peroxidase 1 and peroxidase 2. Highly purified peroxi¬ 
dase 1 formed a precipitate with picric acid, whereas peroxidase 2 did 
not; and in the electrophoresis apparatus at pH 7.5, peroxidase 1 
migrated to the cathode, whereas peroxidase 2 went to the anode. 
The absorption spectrum of peroxidase conforms to that of iron-por¬ 
phyrin compounds in the ferric state, such as methemoglobin, and 
consists of four bands at 645 (or 640), 683, 548, and 498 m/u. Upon 
the addition of Na 2 S 204 , peroxidase undergoes reduction, turning dis¬ 
tinctly red, and the four-banded spectrum is replaced by two bands at 
594.5 and 558 mu. This reduced divalent enzyme forms a reversible 
compound with CO. Oxidized peroxidase combines reversibly with 
NaF, H 2 S, and KCN, and these reagents are known to inhibit peroxi¬ 
dase activity. Until the Avork of Keilin and his associates the valence 
of the iron in the enzyme-substrate complex remained unknown. 
They showed that, unlike catalase, peroxidase remains in the ferric 
form during the whole cycle of the catalysis and, furthermore, that 
there is no evidence to support the view that the substances oxidized 
are activated by the enzyme. 

As a result of their spectroscopic studies under varying conditions 
Keilin and Mann (1937) concluded that, because of its resemblance to 
methemoglobin, peroxidase may be considered a compound of proto- 
hematin with a native globin. If this is true, it would appear that the 
same hematin compound in combination with different native proteins 
forms the following three distinct compounds: methemoglobin, peroxi¬ 
dase, and catalase. Each of these substances has many properties in 
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common, but the three show striking differences in the nature and 
magnitude of their catalytic activities. 

In spite of all the work which has been done on the peroxidase activity 
of animal, plant, and microbial tissues, it has not been shown definitely 
that the enzyme serves any real physiological function in the cell. In 
animal tissues there is no real evidence even for the existence of any 
peroxide upon which the enzyme might act, since H 2 O 2 has never been 
definitely demonstrated in animal tissues. This difficulty may be 
accounted for, however, on the basis that peroxidase acts at extremely 
low concentrations of H 2 O 2 , and, if reducing substances are present, 
the peroxide can be removed by this mechanism as quickly as it is 
formed. Or, since reduced cytochrome and reduced glutathione are 
readily oxidized by peroxide, they may keep the concentration of 
H 2 O 2 in tissues at a low level. Finally, catalase, which appears to be 
present to some extent in all aerobic cells, would destroy any great 
accumulation of peroxide in tissues. In bacteria, on the other hand, 
the production of hydrpgen peroxide has been definitely demonstrated 
on several occasions [Main and Shinn (1939) and Hadley, Hadley, and 
Eathen (1941)]. Furthermore, evidence for the formation of peroxide 
in biological systems is to be found in the fact that H 2 O 2 is capable of 
performing various oxidations which are typical of intermediary metab¬ 
olism, and it should be mentioned again that the original Wieland 
hypothesis calls for the formation of H 2 O 2 as a result of biological 
dehydrogenation. 

Peroxidase activity in bacteria has been observed by Callow (1926), 
Anderson (1930), Farrell (1935), Frei, Riedmiiller, and Almasy (1934), 
Edwards and Rettger (1937), and others. In general, these studies 
have shown that most aerobic bacteria exhibit peroxidase activity, 
whereas the anaerobes are inactive. A few data are cited in Table 13 
to illustrate this point. 

IV. CATALASE 

Like peroxidase, catalase is an enzyme concerned with the removal 
or utilization of H 2 O 2 formed by the primary enzyme systems of the cell. 
It catalyzes the decomposition of hydrogen peroxide into water and 
molecular oxygen, thus: 

^ Catalase ^ 

2 H 2 O 2 -^ 2 H 2 O “J- O 2 

Catalase was discovered in 1901 by Loew and is now thought to be 
an indispensable constituent of almost all aerobic cells. Although the 
enzyme can be demonstrated in practically all aerobic cells, the best 
yields for large-scale studies are obtained when horse or ox liver is 
used as a starting material. In fact, the enz 3 rme has been obtained in 
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crystalline form from these two substances. Catalase activity is not 
exhibited by anaerobic bacteria but has been demonstrated in many 
aerobic and facultative anaerobic bacteria (Table 13) by McLeod and 
Gordon (1922-1925), Callow (1923), Virtanen and Karstrom (1925), 
Frei, Riedmiiller, and Almasy (1934), Farrell (1935), Edwards and 
Rettger (1937), van Schouwenburg (1940), and many others [see Swen¬ 
son and Humfeld (1942)]. Ruehle (1923) has also observed that certain 
bacterial spores exhibit catalase activity. On the basis of the presence 
of catalase in bacteria McLeod and Gordon (1923) have devised the 
following scheme for classification: 
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Examjile* of Baderia in Each Claa$ 
Strict anaerobes: 

Clotiridium perfnnoem (0.00032-0.0004% *), 
Clottridium telani (0.00027-0.00033%), 
Clottridium iepticum^ Clottridium ehautoei, 

_ Clostndxum tporogenet 

I Microaerophilic bacteria: 

Many streptococci, certain sarcinae, and lactic 
acid bacilli; Streptococcus pyogenes (0.0085%), 
LactobaciUus acidophilus (0.(027-0.005%) 
Pneumococci (±0.02%) 

r Dysentery (Shiga) (0.0037-0.006%) and cer^ 
\tain streptococci (0.0085%) 

Vihrio comma (0.00069%) 
r Typhoid-paratyphoid (0.0033%), 

\Hemophilus influenzae (0.005-0.0033%) 
CoryndMderium diphtkeriae (0.0017-0.003%), 
Bacilius arUhraeis (0 0031%), 

Eschmchia coli (0.0032-0.0042%), 
Staphylococcus aureus (0.0044-0.0037%), 
Bacillus subtths (0.015%), Proteus, yeast, va¬ 
rious soil and tubercle bacilli, meningococcus 
■ CorynebaderiuM hoffmanmx (>0.006%), 
Pseudomonas aeruginosa, 

Serratxa tnarcescens (0.0085%), 

Gonococcus 


* Average inhibitory concentration of peroxide. 


Chemical analyses of highly purified preparations of catalase by 
various investigators have shown that it is an iron-porphyrin protein 
containing about 0.1 per cent iron and 15.5 per cent nitrogen, with a 
molecular weight between 225,000 and 300,000. When examined 
spectroscopically, catalase shows three bands: I, 629.5 m/t; II, 544 m/x; 
III, 506.5 m^u. These bands can be modified in either position or in¬ 
tensity by means of reagents which are known to poison catalase activity 
[Keilin and Hartree (1936)]. The iron-porphyrin component of catalase 
is unique among the iron-porphyrins in three respects: (1) its ferro 
form is not oxidized by ferricyanide; (2) its ferric form is not reduced 
by hyposulfite; and (3) it can be reduced only by H 2 O 2 . Otherwise 
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the iron-porphyrin of catalaae behaves as if it were combined with 
globin, since the ferro form reacts with CO and the ferric form with 
NaF, NaNa, KCN, and H 2 S. 

The mode of action of catalase has been studied by Keilin and Har- 
tree (1938), Stern (1939), and by others. The results of various experi¬ 
ments have shown that the enz 5 mie is reduced by peroxide and reoxi¬ 
dized by molecular oxygen. What apparently happens is that H 2 O 2 
combines and reacts with the enzyme, and the decomposition of H 2 O 2 
complex is brought about by a sequence of events in which the ferric 
form of catalase is reduced to the ferro form and the enzyme is then 
reoxidized by the liberated oxygen. The intermediary, catalase 
—^H 202 , has not yet been definitely demonstrated, but there is some 
evidence that it exists. Keilin and Hartree suggest that the sequence 
of events for the decomposition of hydrogen peroxide by catalase may 
be represented by the following two equations: 

(1) 4Fe+++ + 2 H 2 O 2 4Fe++ + 4H+ + 2 O 2 

(Catalase) (Catalase) 

(2) 4Fe++ + 4H+ + 02-^ 4Fe+++ + 2 II 2 O 

(Catalase) (Catalase) 

2 H 2 O 2 ~ 2 H 2 O -j- O 2 

In reaction 1 the H 2 O 2 supposedly reduces the iron in catalase to the 
ferrous (Fe++) state, liberating gaseous oxygen; in reaction 2 the re¬ 
duced catalase is assumed to be oxidized to its original form by one 
molecule of oxygen. The sum of these two reactions is the catalytic 
decomposition of hydrogen peroxide into water and molecular oxygen. 
Evidence is now accumulating which tends to disprove Keilin and 
Hartree's theory of catalase action [see Sumner and Somers (1943), 
Green and Stumpf (1944)]. However, until more specific data are 
available, the above theory can be used tentatively as an example to 
explain the mode of action of catalase. 

The catalytic decomposition of H 2 O 2 by catalase follows very closely 
a monomolecular chemical reaction. For this reason von Euler and 
Josephson in 1926 expressed the activity of the enzyme in terms of 
Katal^e fahigkeit (catalase capability) units; that is, Kat. f. = k/g^ 
where g is the dry weight of the enzyme preparation expressed as grams 
per milliliter, and k is the velocity constant of a monomolecular re¬ 
action or a measure of the relative concentration of the enzyme in the 
digestion mixture. The velocity constant is usually determined as 
follows: A known amoimt (usually 36 ml.) of H202(0.006 to 0.0015 M) 
is titrated with 0.04 N potassium permanganate to give x ml. To the 
same amount of peroxide plus phosphate buffer (0.006 M) at pH 6.8 
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and 0®C. is added a known amount of a catalase solution. After 5 
minutes the reaction is stopped by adding 5 ml. of QN sulfuric acid, 
and the residual peroxide is again titrated with permanganate to give 
y ml. The velocity constant is then calculated from the expression, 
k = l/blnx/y. Several workers, for example, have used horse-liver 
catalase preparations which have k values as high as 50,000 to 63,000. 
The amount of the enzyme in a solution can also be accurately esti¬ 
mated spectrophotometrically. From such measurements it has been 
calculated that one molecule of catalase can decompase 4.4 X 10“* 
molecules of H 2 O 2 per second at 0®C., and that one milligram of cata¬ 
lase iron can produce 2,740 liters of oxygen from H 2 O 2 per hour at 0®C. 

Virtanen and Karstrom (1925) and van Schouwenburg (1940) have 
calculated the catalase content per cell of several bacteria by substitut¬ 
ing the value of the number of cells for grams of enzyme in the catalase 
capability equation. Some of their data are cited in Table 17. Vir¬ 
tanen and Karstrom employed both sugar-free and glucose broths in 
their study and found that there was some variation in the results. 
The values in Table 17 are for the sugar-free broth. The organisms used 
by van Schouwenburg were all luminous bacteria grown on nutrient 
agar containing 3 per cent NaCI. More recently, Huddleson and Stahl 

TABLE 17 

The Catalase Activity of Single Cells of Various Bacteria 
[From Virtanen and Karstrdm (1925) and van Schouwenburg (1940)] 


Organism 

Catalase Activity, 
/ Jfc X io-» \ 
\no. of ceils/ 

Micrococcus flavus 

0.63 

Kurihia zopfii 

0.62 

Micrococcus freudenreichii 

0.49-0.60 

Micrococcus aurantiacus 

0.49 

Pseudomonas aeruginosa 

0.41 

Micrococcus stdfureus 

0.33 

Alccdigenes viscosus 

0.19 

Serralia marcescens 

0.13 

Bacillus asterosporus 

0.11 

Corynebacterium cremoides 

0.09 

Escherichia coli 

0.04-0.004 

Aerdbacter aerogenes 

0.04-0.008 

PhotobcLcterium fischeri 

1.08 

Bacillus pierantonii 

0.53 

Photobacierium harveyii 

0.18 

Photobacterium phosphoreum 

0.18 

Micrococcus splendidus 

0.15 

Bacillus sidlarsepius 

0.12 
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(1943) have studied the catalase activity of the species of the genus 
Brucella as a criterion of virulence. In general, catalase activity fol¬ 
lows this decreasing order: Brucella suisj Brucella melitensis, Brucella 
abortus. Species must be identified, however, before attempting to 
correlate virulence with enzymatic activity. Swenson and Humfeld 
(1943) have reviewed the early literature on the catalase activity by 
bacteria and have studied its production by Proteus vulgaris. They 
observed that P. vulgaris produces two forms of catalase during all 
its culture cycle, except in the early lag phase. They called one of 
these forms active catalase and the other activable catalase. Activable 
catalase could be converted to the active form by an activator, such as 
Kolmer’s cholesterinized antigen, but only in the presence of viable 
cells. Since activable catalase could not be extracted by acetone, it 
was regarded as an integral part of the living cell. 

V. CARBOXYLASE AND OTHER DECARBOXYLASES 

The yeast enzyme which catalyzes the decarboxylation of pyruvic 
acid is a diphosphothiamin metalloprotein called carboxylase. Di- 
phosphothiamin, however, is also known to be the prosthetic group of a 
series of enzymes, all of which are concerned in the breakdown of 
pyruvic acid. The best-known examples are the carboxylase of yeast 
[Green, Herbert, and Subrahmanyan (1940)] and the pyruvic oxidases 
of Lactobacillus delbriickii [Lipmann (1939)], Neisseria gonorrheaej 
Staphylococcus aureus, Streptococcus pyogenes, Streptococcus fecalis 
[Barron and Lyman (1939), Krebs (1937)], and Escherichia coli [Still 
(1941), Kalnitsky and Workman (1943)]. Animal tissues also contain an 
enzyme which oxidizes pyruvic and other a-ketomonocarboxylic acids. 
The reactions which the yeast and bacterial enzymes are known to 
catalyze may be represented as follows: 

Yeast carboxylase: 

CH3 CO COOH CH3 CHO + CO2 

Bacteria {aerobically) : 

CHa-CO COOH + CH3 COOH + CO2 

Bacteria {anaerobically): 

2 CH 3 • CO • COOH + H2O 

CH3COOH + CO2 + CH3CHOHCOOH 

The second reaction is probably not a one-step reaction, but instead 
passes through acetylphosphate, which is coupled with the phosphoryl¬ 
ation of adenylic acid (see pp. 473 to 476 on cocarboxylase). In the 
third reaction a dismutation occurs, whereby one molecule of pyruvic 
acid is oxidized to acetic acid and CO 2 , and another is reduced to 
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I 

lactic acid. Besides these three reactions it is of interest that Quastel 
and Webley (1939) have noted that thiamin accelerates the oxidation 
of acetate by propionic acid bacteria which have been grown in a thia¬ 
min-deficient medium. This is one of the first suggestions that thiamin 
may be concerned in oxidations other than a-keto acids. It is also 
probable that carboxylase is involved in acetylmethylcarbinol (acetoin) 
production by bacteria (see p. 476 on cocarboxylase for reactions). 

No one has succeeded in isolating the pure protein portion of the 
thiaminoprotein enzymes, although Green and his associates (1940) 
have prepared carboxylase from top yeast in a highly purified form 
and have been able to resolve the enzyme into its component parts 
(protein, magnesium, diphosphothiamin) by a variety of procedures. 
There is little information concerning the role of the prosthetic group 
in the decarboxylation or oxidation of pyruvic acid. The sensitivity 
of the gonococcus pyruvic enzyme to various reagents is unlike that of 
yeast carboxylase. Low concentrations of NaF (0.001 Af), HCN, and 
a-naphthol inhibit almost completely the bacterial enzyme, but have 
little or no effect on the yeast enzyme. 

Certain ions, especially Mg'^’^, Mn’^’^, and phosphate, accelerate 
the activity of the thiaminoprotein enzymes, although their exact 
role is not known. To illustrate this point a few results from the 
classical study by Lohmann and Schuster (1937) may be cited. They 
added various amounts of and together with a constant 

amount of diphosphothiamin, to washed yeast suspensions and then 
measured their effect by recording the amount of CO 2 evolved from 
pyruvic acid. 


Diphospho¬ 
thiamin 
Added, , 

Mg++ 

Mn++ 

Amount of CO 2 , ^1., 
Evolved in 

Mg. + 

Mg. 

Mg. 

30 minutes 

60 minutes 

3 

0 

0 

34 

50 

3 

10 

0 

38 

70 

3 

30 

0 

116 

210 

3 

100 

0 

175 

302 

3 

0 

1 

50 

93 

3 

0 

10 

165 

289 


Lipmann (1939) has shown that adenine-flavin-dinucleotide is also 
an important catalyst in pyruvic oxidases from bacteria. Using aque¬ 
ous suspensions of acetone-dried Lactobacillus delbruckiij he found 
that little, if any, oxygen was utilized in the presence of pyruvic acid. 
When a few micrograms of diphosphothiamin (cocarboxylase) or 
adenine-flavin-dinucleotide was added to the system, some oxygen was 
utilized in 60 minutes; when both substances were added together. 
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a large increase in the rate of oxygen uptake was noted. The diphos- 
phothiamin could not be replaced by thiamin (vitamin Bi); and ribo¬ 
flavin, riboflavin phosphate, and the Warburg-Christian flavoprotein 
were unable to serve in place of the adenine-flavin-dinucleotide. 


Diphospho¬ 

Adenine-flavin- 


thiamin 

dinucleotide 


Added, 

Added, 

Oxygen Uptake, 

Mg- 

Mg. 

Ml. 

15 

0 

5 

0 

20 

15 

15 

20 

248 


SeA'eral other decarboxylase enzymes, which are not so well charac¬ 
terized as the ones just mentioned, have also been isolated from bac¬ 
teria. They will now be discussed briefly. 

An enzyme known as oxaloacetic decarboxylase has been demon¬ 
strated in Micrococcus lysodeikticus by Krampitz and Werkman (1941) 
and Krampitz, Wood,, and Werkman (1943). The enzyme catalyzes 
the decarboxylation of oxaloacetic acid to pyruvic acid and also the 
reverse reaction: 

HOOC-CHa-CO COOH ^ CHs-CO COOH + CO2 

Oxaloacetic acid Pyruvic acid 

It is believed that the carboxylation reaction is involved in the 
C02-utilization axiom of Wood and Werkman. The enzyme is heat- 
labile and apparently requires and Mn"^"*" for its activity, whereas 

diphosphothiamin and thiamin have no effect: 




Microliters of CO 2 Evolved in ' 

Presence of 


Substrate * 

No 

Addi¬ 

tion 

Mg++ 

Mn++ 

Diphospho¬ 

thiamin 

(Cocarbox¬ 

ylase) 

Mg and 
Diphospho¬ 
thiamin 

Mg and 
Thiamin 

Oxaloacetate 

(anaerobic) 

Oxaloacetate 

52 

928 

927 

48 

934 

922 

(aerobic) 

54 

925 

922 

49 

916 

918 


♦ Total volume of reactants, 2.0 ml.: 0.025 M oxaloacetate, 0.006 M MgCh or 
MnS 04 and 26 /xg. diphosphothiamin (cocarboxylase) or thiamin, respectively; 
20-mg. cell (dry weight) per Warburg cup; 0.124 M PO4 buffer at pH 6.8. Aero¬ 
bic experiments contained air in gas i^ace; anaerobic contained N 2 . Tempera¬ 
ture: dO'X), Time: 1 hour. 
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Davies (1943) has isolated an enzyme from Clostridium CLcetobuty- 
licum which catalyzes the decarboxylation of acetoacetic acid to ace¬ 
tone: 

CHa-CO CHa-COOH -> CH3 CO CH3 + CO2 

The enzyme is quite stable, has a pH optimum of 5.0, and is specific. 
The enzyme has been highly purified, and it is tentatively suggested 
that riboflavin phosphate may be the prosthetic group. 

The paracolon organism, Bacterium cadaveris, produces an enzyme 
which specifically decarboxylates i-lysine to form cadaverine: 

CH2*(CH2)3*CH-C00H CH2 (CH2)3*CH2 + CO 2 

II II 

NH 2 NH 2 NH 2 NH 2 

Some fifteen other amino acids, including d-lysine, are not attacked 
[Gale and P^pps (1943)]. The enzyme can be inactivated by dialysis and 
thus requires a coenzyme. The coenzyme is widely distributed in na¬ 
ture but is not identical with any of the known ones; however, it appears 
to be a flavin-like compound. 

VI. PHOSPHORYLASES AND PHOSPHORYLATIVE OXIDATIONS 

The occurrence of phosphate in metabolic processes has already been 
indicated in the discussions of the adenosine triphosphate-adenosine 
monophosphate coenz 3 ane system and other enzymatic reactions, such 
as the hydrolytic cleavage of phosphate esters by the phosphatases. 
However, many of the reactions catalyzed by the phosphatases are 
irreversible under physiological conditions; and, although the hydrolysis 
of the terminal pyrophosphate bond of a compound such as adenosine 
0 0 0 

II II II 

triphosphate (R—0—P—0—P—O—P—OH) yields considerable free 

III HO 

OH OH OH 1 II 

energy, the hydrolysis of simple phosphoric esters (R—C—0—P—OH) 

H OH 

liberates a relatively small amount of free energy [Lipmann (1941)]. 

For some time it has been known that inorganic phosphate is essen¬ 
tial for certain biological reactions. However, it has been only within 
the past several years that Warburg, Meyerhof, Cori, Lipmann, and 
their associates have shown us how inorganic phosphate is taken up by 
organic compounds and utilized in biological reactions. Two main 
types of reactions are now known which can accomplish the addition of 
phosphate to organic compounds [Green and Colowick (1944)]. One 
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is catalyzed by phosphorylase enz 3 Tne 8 and is therefore called phos- 
phorolysis: 

OH OH 


R—i—O—A—R' + HO—P=0 

I I 


R- 


OH 


-i— 0 —P =0 + HO—C—R' 

I 


OH 


Poly- or 
Disaocharide 


Phoephorio 

acid 


Glucose-1- 



Poly- or 
Monosaccharide 


The other involves the addition of inorganic orthophosphate to com¬ 
pounds containing a double bond and is accompanied by a dehydra¬ 
tion. Reactions of this type are usually spoken of as phosphorylative 
oxidations. The phosphorylative oxidation of an aldehyde to a car¬ 
boxyl phosphate may be cited as one example of this type of reaction: 

H HO OH WO'PiOK O OH 

R-C=0 -f P=0- >'R-ci^O-P=0 > R-C-0-P=0 

OH in in 

Aldehyde Phosphoric Intermediate Carboxyl phosphate 

acid 


Phosphorylase enzymes have been shown to catalyze: (1) the first 
step in the degradation of polysaccharides (starch or glycogen) or, 
since the reaction is reversible, the last step in their synthesis from 
simpler units; and (2) the conversion of sucrose into glucose-l-phos- 
phate and fructose. Since the substrates are different in these two 
reactions, the enzymes which catalyze the degradation or synthesis of 
polysaccharides are usually spoken of as polysaccharide phosphorylasesj 
whereas the others are called disaccharide phosphorylases. 

The polysaccharide phosphorylases are widely distributed in animals, 
plants, and microorganisms, and they all have many properties in 
common. However, muscle phosphorylase requires adenylic acid as a 
coenzyme, but plant phosphorylase either does not or else contains 
adenylic acid in such a firm union that it is impossible to separate it 
by dialysis. It is also of interest that a trace of glycogen is necessary 
for the synthesis of glycogen by animal phosphorylase, whereas a trace 
of soluble starch or maltose is required by the corresponding plant en- 
Z 3 ane. Hehre (1943) has observed an interesting analogy between 
starch synthesis from glucose-l-phosphate by potato phosphorylase 
and dextran synthesis from sucrose by an enzyme preparation from 
Leuconostoc mesenteroides. In each reaction the substrate contains the 
basic unit of the final polymer product, but fructose instead of phos¬ 
phate is liberated by the bacterial enzyme. Since inorganic phosphate 
was unnecessary in the bacterial system, it is believed that the synthe- 
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sis of the dextran from sucrose does not require the mediation of a 
phosphorylated sugar substrate but instead occurs by direct condensa¬ 
tion of the sucrose units. The synthesis of a levan polysaccharide 
consisting of fructose (levulose) units from sucrose by Bacillus subtilisy 
Bacillus polymyxaj and Aerohacier levanicum is another similar ex¬ 
ample [Hestrin, Avineri-Shapiro, and Aschner (1943)]. 

Disaccharide phosphorylase is very similar to the polysaccharide 
phosphorylases, except that it is involved in the phosphorolysis of 
sucrose to glucose-l-phosphate and fructose: 

Sucrose + H 3 PO 4 Glucose-l-phosphate + Fructose 

(Cori ester) 

This reaction is reversible, and only the Cori ester and fructose can be 
utilized for sucrose synthesis; however, when either i-sorbose or d-ke- 
toxylose is substituted for fructose in the foregoing reaction two new 
sugars are formed which appear to be analogs of sucrose [Doudorofif, 
Hassid, and Barker (1944)]. The dlsaccharide phosphorylase system 
has been demonstrated in bacteria (Leuconostoc mesenteroidesy Pseudo¬ 
monas saccharophila)y and it is quite probable that it is involved in the 
s 3 Tithesis of sucrose by sugar cane and other plants [see Green and 
Colowick (1944)]. Doudorofif (1943) has extracted sucrose phosphory- 
lasc from dried bacteria and has obtained it relatively free from inver- 
tase and phosphatase by ammonium sulfate precipitation. As in plant 
polysaccharide phosphorylase, a coenzyme is not needed by the sucrose 
phosphorylase, and glucose inhibits the phosphorylytic process. 

As we have mentioned, phosphorylative oxidation is another way by 
which inorganic phosphate can be taken up by biological systems and 
bound to organic compounds. The skeleton equation given may be 
used to illustrate the oxidation of 3-phosphoglyceraldehyde to 1:3- 
diphosphoglyceric acid, which is one of the intermediate reactions in 
alcoholic fermentation (see Chapter 10). Another example has already 
been mentioned in this chapter in the discussion on the role of acetyl 
phosphate in the oxidation of pyruvic acid (see pp. 475 and 482 on the co¬ 
enzymes cocarboxylase and the adenosine triphosphate-adenosine 
monophosphate system). Several other examples of phosphorylative 
oxidation will be found in the excellent review by Green and Colowick 
(1944). 

VII. MISCELLANEOUS BACTERIAL ENZYMES 

Some of the bacterial enzymes, which have not been as well charac¬ 
terized as the ones mentioned, will be discussed under this heading. 
They include: (1) hydrogenase, (2) hydrogenlyasCy (3) glyoxalasCy and 
(4) racemasey and (5) penicillinase. 
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!• Hydrogenase. Stephenson and Stickland (1931-1932) de¬ 
scribed an enzyme in several bacteria which catalyzes the reduction of 
various substances by molecular hydrogen. The enzyme is comparable 
to the dehydrogenases, its substrate being molecular hydrogen. To 
this enzyme Stephenson and Stickland assigned the name hydrogenase. 
It must be assumed that the enzyme activates molecular hydrogen 
in some way, and this activation can be conveniently expressed as 
H 2 + 2e without implying anything about the nature of the 

reaction. 

By means of this enzyme hydrogen reduces oxygen, methylene blue, 
nitrate, and fumarate; sulfate, sulfite, and thiosulfate are reduced to 
sulfide. Hydrogenase likewise reduces a number of one-carbon com¬ 
pounds (CO 2 , CO, formaldehyde, and methyl alcohol) to methane or 
other substances. For example, the following reaction has been postu¬ 
lated for the reduction of carbon dioxide to methane: 

4 H 2 + CO 2 -> CH 4 + 2 H 2 O 

This reaction takes place if an additional mechanism is present to 
activate the CO 2 as a hydrogen acceptor. 

The methylene blue-reduction technique has been widely employed 
to study the distribution of hydrogenase in various bacteria, and the 
data given in Table 18 show that those organisms which exhibit strong 
hydrogenase activity are able to reduce methylene blue in a relatively 
short time, providing molecular hydrogen is present. It is now be¬ 
lieved that the enzyme hydrogenase is present in a great many microbial 
cells. The reason certain organisms, such as Aerobacter aerogenesy do 
not readily display their hydrogenase has been explained by Ordal and 
Halvorson (1939) and Ordal and Tsuchiya (1939). These workers 
have shown that it is very important to have the cell suspensions 
sufficiently diluted when studying the hydrogenase activity of bacteria; 
otherwise reducing matter associated with the cells masks the activity 
of this enzyme. 

In the true methane-producing bacteria (Hydrogenomonas) and cer¬ 
tain other organisms hydrogenase holds a vital position, since the oxi¬ 
dation of hydrogen is the main reaction by which these bacteria obtain 
energy. Lee and Umbreit (1940), for example, have studied pure cul¬ 
tures of hydrogen-oxidizing bacteria. One culture was allocated to the 
genus HydrogmomonaSj and another was a heterotrophic rod resembling 
members of the genus Flavobacterium. Carbon dioxide was essential 
for the hydrogen-oxidizing process. 

According to Nakamura (1940), hydrogenase participates in the 
formation of luciferin by light-producing bacteria {Micrococcus phos- 
pFmeus). The enzyme has also been demonstrated in Proteus vulgaris 
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[Hoberman and Rittenberg (1943)], Azotobacter species, certain freshly 
isolated Rhizobia [Phelps and Wilson (1941), Lee and Wilson (1943)], 
and green algae [Gaflfron (1942)]. It is assumed that hydrogenase 
plays a role in nitrogen fixation and photosynthesis, and the demonstra¬ 
tion of this enzyme in strictly aerobic organisms seems to indicate a 

TABLE 18 

Distribution of Hydrogenase in Bacteria as Determined by the Meth¬ 
ylene Blue-Reaction Technique 

[From Stephenson and Stickland (1931-1932)] 

Methylene Blue Reduction Time, 


Organism 

minutes 

With H 2 Without H 2 

Hydro¬ 

genase 

Escherichia coli 

8-11^ 

75-120 

+ 

(4 strains) 

E, coli-acidilactici 

9i 

>150 

+ 

Aerohacter aerogenes 


15i 

? 

Alcaligenes fecalis 

27j 

28 

— 

Psevdornonas aeruginosa 

65 

63 

— 

Serraiia marcescens 

>60 

>60 

— 

Bacillus megatherium 

>120 

>120 

— 

Bacillus subtilis 

>120 

>120 

— 

Clostridium sporogenes 

>150 

>150 

— 

Vibrio rubentschickii 

17 

>150 

+ 

Vibrio? 182 

4 

>180 

+ 

Yeast 



— 

Heart muscle 



— 


generalized importance of hydrogenase catalysis in many types of cells. 

The preparation of purified dry powders of cell-free hydrogenase 
from cultures of Escherichia coli-communior has been reported by 
Bovamick (1941). Results of inhibitor studies by Hoberman and 
Rittenberg (1943), Wilson and Wilson (1943), and others indicate that 
hydrogenase is probably an iron-containing compound. 

2 . Hydrogenlyase. Another bacterial enzyme which may be men¬ 
tioned here is hydrogenlyase, supposedly produced by the coliform 
organisms and other bacteria. Hydrogenlyase is regarded as an adap¬ 
tive enzyme; that is, it is formed only when the organisms are grown in 
the presence of a specific substrate, such as formate. It is also sup¬ 
posedly produced by E. coli and other bacteria in the presence of glucose 
or glycerol, which yields formic acid as a result of its fermentation. 
However, some specific factor in the medium appears to be necessary, 
since in general the enzyme is manufactured only when the organisms 
are grown on a tryptic digest of casein. When the bacteria are culti¬ 
vated on synthetic media containing formate, good growth results, 
but no hydrogenlyase is produced. With E. coli maximum production 
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of the enzyme occurs in 2 hours and before the organisms have doubled 
in number. The enzyme is labile to poisons of all kinds and exhibits 
optimum activity when the reaction is pH 7.0. 

The apparent relationship of bacterial formic hydrogenlyase to 
formic dehydrogenase and hydrogenase may be shown as follows: 

(1) Hydrogenase activates molecular hydrogen; 

H2 + X ^ XH 2 

(2) Formic dehydrogenase catalyzes the reaction; 

H-COOH + X ^ XH 2 + CO 2 

(3) Formic hydrogenlyase catalyzes the reaction; 

H COOH ^ H 2 + CO 2 

X represents an intracellular hydrogen carrier or, experimentally, a 
dye such as methylene blue. 

According to the foregoing equations, a combination of formic dehy¬ 
drogenase and hydrogenase should perform the same function as hy¬ 
drogenlyase; that is, it should liberate H 2 and CO 2 from formate. 
Stephenson and her associates [see Stephenson (1937)] have expressed 
the opinion, however, that formic hydrogenlyase cannot be regarded as 
a combination of these two enzymes. They arrived at this opinion after 
studying Shigella dispar, which they found possessed hydrogenase and 
formic dehydrogenase but was unable to liberate gas from formate. 
As a result of more recent research the conclusions of Stephenson and 
her associates seem to lack sufficient experimental proof. Ordal and 
Halvorson (1939), Ordal and Tsuchiya (1939), and Waring and Work¬ 
man (1944), for example, have obtained results which show that the 
production of CO 2 and H 2 from formate by certain bacteria is due to 
the combined action of (1) formic dehydrogenase, (2) an intermediate 
electron carrier containing iron, and (3) hydrogenase. It is believed 
that the reason the organism {S. dispar) studied by Stephenson and 
her associates displayed hydrogenase and formic dehydrogenase activity 
but lacked hydrogenlyase is that the organism lacked the intermediate 
electron carrier (2). Thus it seems unnecessary at present to postulate 
that formic hydrogenlyase is a separate and distinct enzyme. 

Additional data on hydrogenlyase will be found in the papers by 
Stephenson and Stickland (1932-1933), Yudkin (1932), Farkas, Farkas, 
and Yudkin (1934), Woods (1936), Stephenson (1937), Yudkin (1938), 
Hoberman and Rittenberg (1943), and Waring and Workman (1944). 

3. Glyoxalase. Glyoxalase is an enzyme which is widely distributed 
in animal tissues and microorganisms such as yeast and bacteria 
[Lohmann (1932), Still (1941)]. Its exact physiological function is not 
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yet fully understood, although it is known to catalyze the conversion 
of methyl glyoxal to d-lactic acid: 

CH3 CO CHO +H2O -> CHa-CHOH COOH 

This reaction involves an internal Cannizzaro or intramolecular 
oxido-reduction, with the keto group of methyl glyoxal being reduced 
to the alcohol and the aldehyde group simultaneously oxidized to the 
acid. In 1932 Lohmann discovered that purified preparations of gly- 
oxalase were unable to catalyze the conversion of methyl glyoxal 
except in the presence of the tripeptide, glutathione: 

HOOC • CHNH2 • (CH2)2 • CO-NHCH • (CH2SH) • CO-NHCH2 • COOH 

Glutamic acid Cysteine Glycine 

The —SH group of glutathione can be oxidized by oxygen to the disul¬ 
fide form in the presence of certain catalysts, such as metals, thus: 

2GSH + O 2 GSSG + H 2 O 2 

where G represents the tripeptide residue. Glutathione is almost 
universally distributed in animal tissues, as well as in plants and 
bacteria. This fact has led biochemists to an intensive search for its 
physiological function. So far, however, the only significant positive 
finding in enzymology is Lohmann^s discovery of its role as a coenzyme 
for glyoxalase. 

The mechanism of the action of glutathione as a coenzyme for glyoxa¬ 
lase has been studied by several workers [see Behrens (1941)]. It has 
been suggested that glutathione (abbreviated GSH) forms an addition 
compound with methyl glyoxal, which then serves as the substrate for 
glyoxalase according to the following equation: 

CHs CO CHO + GSH ^ 

CHs'CO CHOH-SG CH3 CHOH COOH + GSH 

xi2U 

The glutathione is then regenerated to its original form, and lactic acid 
is produced. The only difficulty in accepting this scheme is that, when 
the addition compound of methyl glyoxal and glutathione is prepared 
in the laboratory and used as the substrate, it is only very slowly 
acted upon by the enzyme. Thus it must be questioned as an inter¬ 
mediate. The mechanism whereby the internal oxidation takes place 
is therefore not clear. 

The glyoxalase activity of yeast and bacteria has been studied by 
Lohmann (1932) and Still (1941). Still found that under suitable 
conditions a cell-free enzyme preparation from Escherichia coli almost 
completely converted methyl glyoxal to lactic acid. In fact, in one 
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experiment lactic acid was present to the extent of 2.08 mg. when 
2.17 mg. was the theoretical amount expected. 

4. Racemase. Certain bacteria, such as Staphylococcus ureae^ 
Clostridium butylicum^ and Lactohadllus plantarum, contain an enzyme 
called racemase, which is capable of converting either d- or Z-lactic 
acid into the racemic mixture [see Katagiri and Kitahara (1937), 
Christensen, Peterson, and Johnson (1938), and Katagiri and 
Murakami (1939)]. The same, or a similar, enzyme in L. plantarum 
also racemizes Z-2-phosphoglyceric acid. In young cultures racemase 
is confined to the cells, but in old cultures it appears in the medium 
too. It is most active at pH 5.0, is inhibited by cyanide (0.05 M), 
and is destroyed by heat. Racemase appears to be a dehydrogenase, 
but it is not the same as lactic acid dehydrogenase. 

5. Penicillinase. An interesting point in connection with the 
growth-inhibiting property of penicillin is that it can be destroyed 
by an enzyme known as penicillinase. This enzyme was first discovered 
by Abraham and Chain in 1940 and has since been studied by several 
workers [see Chapter 4 and McQuarrie, Liebmann, Kluener, and 
Venosa (1944)]. The enzyme is formed by several bacteria, such as 
paracolon bacillus and other coliform bacilli, aerobic spore-forming 
rods, and certain Shigella species. According to McQuarrie et al 
(1944), penicillinase is precipitated from the medium in which the 
organisms have been cultivated by acetone, alcohol, dioxane, Na- 
tungstate, and saturated (NH 4)2 SO4, It does not dialyze through a 
cellophane membrane. Highly purified solutions of the enzyme are 
extremely labile, being 66 per cent destroyed in 20 minutes and over 
95 per cent in 1 hour at 45°C. The most active pH at 37°C. is 7.1. 
The enzyme is inhibited by iodoacetic acid and amyl acetate and par¬ 
tially inhibited by indole-3-acetic acid. It is activated by dZ-phenylala- 
nine. 


Vm. ZYMASE COMPLEX 

The term Z 3 anase, as now generally used, is restricted to the enzyme 
^sterns which function in the alcoholic fermentation, that is, produce 
alcohol and carbon dioxide from sugar. In the past the term was often 
used in a much broader sense to incorporate all intracellular enzymes, 
regardless of whether they attacked carbohydrates or proteins. 

Only a brief outline of the zymase complex will be given here to com¬ 
plete the discussion of enzymes. Further details will be found in the 
reference books dealing with enzyme chemistry. The literature on 
this subject has grown very large since Buchner’s classical experiments 
in 1897 with fermentation of cell-free yeast juice. 
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The exact number of specific enz 3 ane 8 , coenzymes, and activators of 
the zymase complex is not known. The term zymase merely represents 
the effect of a number of enzyme systems which together bring about 
alcoholic fermentation. Tauber (1937) states that the action of the 
following enzymes is known to be specific: 

1. Hexokinase converts hexose into a more reactive form (enol ?). 

2. Phosphatase hydrolyzes and synthesizes enol-sugar-phosphoric 
acid esters. Magnesium is an essential activator. 

3. Oxydoreductase {mutase^ dehydrase) rearranges aldehydes (Can¬ 
nizzaro reaction) and requires cozymase (DPN) as a coenzyme. 

4. Carboxylase acts on pyruvic acid. It requires the coenzyme cocar¬ 
boxylase. Of these four enzyme systems carboxylase has probably 
been obtained in the highest state of purity. According to Green, 
Herbert, and Subrahmanyan (1940), carboxylase is a diphosphothia- 
min-magnesium protein. They have been able to resolve the enzyme 
into its component parts (protein, magnesium, cocarboxylase) by a 
variety of procedures and believe that the metal plays the role of a 
cement substance which binds the specific protein to the prosthetic 
group (cocarboxylase or phosphorylated thiamin). 

Since the discovery that magnesium and other salts, as well as co¬ 
enzymes, are necessary in yeast fermentation the following terminology 
of the various systems has also been used: 

Zymase for the enzyme complex free from all activators and coen¬ 
zymes. 

Holozymase for the fermentation complex plus all activators and 
coenzymes. 

Apozymase for diphosphopyridine nucleotide (cozymase)-free holo¬ 
zymase. 

Atiozymase for Mg’^’^-free and cocarboxylase-free apozymase. 

Although the term zymase complex is usually used in connection 
with yeasts which are responsible for alcoholic fermentation, certain 
bacteria, such as Pseudomonas lindneri {Termobacterium mobile)^ also 
produce essentially the same products and therefore must have a zy¬ 
mase complex similar to that of yeast [Schreder, Brunner, and Hampe 
(1933)]. 

ENZYME VARIATION AND ADAPTATION IN MICRO¬ 
ORGANISMS 

In the study of biology it must always be kept in mind that one 
is dealing not with static material, but rather with systems which are 
constantly undergoing change or variation. With higher organisms 
variation is usually considered as differences among individuals. How- 
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ever, with microorganisms, where observations are almost always re¬ 
corded from large populations, such individual variations cannot be 
appreciated, and the term variation must here mean a general change 
in the average characteristics of the cells under investigation. Biologi¬ 
cal variation in all types of organisms may be conditioned by altera¬ 
tions in the environment. In most instances the change is in the nature 
of an adaptation to the altered conditions, the variants being physiolog¬ 
ically more suited to the changed environment than were the original 
organisms. Adaptation of this nature is a fundamental property of 
living matter. 

It is also of interest and importance in studies of microbial variation 
to observe the effect of environmental changes on the enzymatic make¬ 
up of the organism. Many persons have been interested in this sub¬ 
ject, and the reviews by Karstrom (1938), Yudkin (1938), Rahn (1938), 
Dubos (1940), Rhoades (1941), and Lindegren (1944) should be con¬ 
sulted for the details of many interesting experiments. After studying 
the enzymatic make-up of certain bacteria which had been grown on a 
variety of media, Karstrom (1930) concluded that bacterial enzymes 
could be divided into two general groups: 

1. Constitutive enzymes^ which are always formed by a given organism 
and are independent of the composition of the medium on which it 
grows. They may be produced in varied amounts in the presence of the 
specific substrates, but they are always present in the cells. Such 
enzymes may be considered essential enzymes. 

2. Adaptive enzymes^ which are produced by a given organism only 
as the result of chemical stimulation when the cells are grown in the 
presence of the specific substrate. Such enzymes may be of value to 
the cell, but they must be considered nonessential enzymes. The terms 
mutation, modification, acclimatization, training, and adaption have 
all been used to describe examples of this type. 

Most of the constitutive enzymes bring about the respiratory and 
synthetic processes in bacteria, whereas the majority of the adaptive 
enzymes may be classified as hydrolases, since they break down the 
more complex nutrient materials to a stage where they can be attacked 
by the constitutive enzymes. 

Since the mechanism of the production of enzymes in the presence 
of the substrate may be of more than one type, and since enzyme 
formation may be conditioned by substances unrelated to the substrate, 
it may be of interest to consider some of the possible ways whereby 
enz 3 rmes arise in cultures previously not possessing them. In those 
instances where enzyme formation is associated with the presence of 
its substrate, there are theoretically two possible ways in which this 
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production may be brought about. They are: (1) adaptation by 
natural selection, and (2) adaptation due to chemical environment. 
Mention should be made also of the instances recorded in the literature 
where substances unrelated to the substrate stimulate enzyme forma¬ 
tion [Yudkin (1938)]. 

ADAPTATION BY NATURAL SELECTION 

In adaptations of this type it must be supposed that there exists in 
all cultures a small but definite number of cells possessing the particular 
enzyme. Since the organisms used have usually been picked or culti¬ 
vated from a single-cell colony, a biochemical variation or mutation of 
definite, though low, frequency must be imagined in order to account 
for the existence of cells containing the enzyme. Enzymes arising by 
some such mutation become, according to the hypothesis of natural 
selection, of physiological value to the organism. The cells possessing 
them are therefore at an advantage and tend to multiply at the expense 
of others. A bacterial strain is thus formed in which the majority of 
the members possesses the enzyme in question. 

Many examples of adaptations of this sort are recorded. For exam¬ 
ple, as early as 1907 Massini observed that, when certain strains of 
Escherichia coli were plated on Endows medium, the first colonies to 
develop were white, an indication that the lactose was not fermented, 
probably because of the absence of sufficient lactase. However, after 
several days red lactose-fermenting secondary colonies developed as 
papillae on the tops of the white colonies. When the white colonies 
were subcultured on fresh Endo’s medium, the phenomenon was re¬ 
peated; but, if the red papillae were carefully removed and subcultured 
on the same medium, only red colonies developed after incubation. 
Massini considered the appearance of the lactose-fermenting secondary 
colonies as a mutation and, in accordance with Neisser’s terminology, 
called his strain Bacterium coli-mutahile. Lewis (1934) showed that 
the mode of origin of such strains was natural selection working on a 
spontaneous variation in the culture and that, although the sugar acted 
as a selective agent, it did not exert a specific exciting stimulus to 
variation. Similar results have been reported with other bacteria and 
yeasts. 

The training of an organism to enhance reactions normally but slowly 
performed is often possible by serial subculture into media containing 
the new substrate. Bacteria may also be trained to grow in media 
previously insufficient to support growth and, as Fildes, Knight, and 
their associates [see Knight (1936)] have pointed out, this fact may be 
regarded as due to the development in the organisms of the requisite 
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synthetic enzymes. In many instances, it appears that the mode of en¬ 
zyme production is selection, since it has often been recorded that 
attempts to train any given strain of organism succeed in only a few of 
several simultaneous experiments, and that the attempts are more 
likely to be successful if large inocula are employed. When large inocula 
are used, then, training consists of selecting one type of cell from what 
might almost be considered a mixed culture. Each subculture into the 
appropriate medium increases the proportion of the mutant cells, since 
these are at a physiological advantage in that they have at their dis¬ 
posal an additional source of energy or of material which they can use 
for building protoplasm. 

Organisms possessing enzymes which arise as mutations are likely 
to retain these enzymes in the absence of the substrate, since mutations 
are generally permanent. The same statement holds true for trained or¬ 
ganisms, providing the period of training is sufficiently long. 

ADAPTATION DUE TO CHEMICAL ENVIRONMENT 

Another way in which microbial enzymes may be produced is that 
in which an adaptive enzjmae arises in response to its chemical environ¬ 
ment. Such enzymes can probably be compared to acquired characters 
in higher organisms. Adaptive enzymes appear and reach their maxi¬ 
mum development during the growth of the first culture in the medium 
containing their specific substrate. They fail to appear as soon as 
the culture is transferred to a medium not containing this specific 
substrate. Usually, however, such cultures still retain their power to 
develop the character if they are subjected to conditions similar to 
those in which the parent culture developed it. 

Although the production of adaptive enzymes of this type need not 
be associated with cellular multiplication, all the evidence available 
indicates that it involves the synthesis of new protoplasm. In fact, 
the phase of physiological youth appears to be the most optimum time 
in the culture cycle for the formation of such enzymes (see Chapter 2). 
It has been suggested by Dubos (1940) that . . the synthetic process 
is, so to speak, oriented or guided by the chemical structure of the 
substrate, which thus determines the specificity of the enzyme.'^ 
Adaptive enzymes exhibit great specificity toward the substrates which 
have stimulated their production. Karstrom has shown, for example, 
that the adaptive enzymes of Leuconostoc mesenteroides {Betacoccus 
arabinosaceus) can differentiate between different monosaccharides 
and different polysaccharides, and Dubos has demonstrated that the 
enzymes which hydrolyze the capsular polysaccharides of pneumo¬ 
cocci distinguish between polysaccharides which give rise to cross re¬ 
actions in specific antisera. 
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Adaptation of this type can be illustrated by many experiments, but 
only two, one with bacteria and the other with yeast, will be mentioned 
here to acquaint the student with the kind of results which have been 
obtained by various workers. Karstrom cultivated the lactic acid organ¬ 
ism, L. mesenteraides, on media containing only one of a series of sugars. 
After incubation the cells were separated from the media and carefully 
washed. They were then tested for their ability to ferment different 
carbohydrates (Table 19). From the data in the table it will be seen 
that the enzymes which catalyze the fermentation of glucose, fructose, 
mannose, and sucrose are constitutive, since they are produced when 
the organism is grown on sugar-free or any sugar-containing medium. 
The enzymes which attacked galactose, arabinose, maltose, and lactose 
are adaptive, because they are formed only in the presence of their 
specific substrate (an exception is maltase, which was formed also in the 
carbohydrate-free medium). That the galactose-fermenting enzyme 
appeared when L. mesenteroides was grown in the presence of lactose is 
not surprising, since lactose is made up of galactose and glucose residues. 
Other examples of adaptive enz 3 rmes produced by bacteria will be 
found on pp. 603 to 605 on the use of enzymes and pp. 593 to 594 on 
hydrogenlyase. 


TABLE 19 

The Constitutive and Adaptive Enzymes Produced by 
Leuconostoc mesenteroides 


[From Karstrom (1930)] 

Sugars Subsequently Fermented 


Organisms Grown 

Glucose, 






in a Medium 

Fructose, 

Galac¬ 

Arabi¬ 




Containing 

Mannose 

tose 

nose 

Sucrose 

Maltose 

Lactose 

Glucose (2%) 

+ 

- 

- 

- 

- 

- 

Sucrose (2%) 

+ 

— 

— 

+ 

— 

— 

Galactose (0.8%) 

+ 

+ 

— 

+ 

— 

— 

Arabinose (0.8%) 

+ 

— 

4- 

+ 

— 

— 

Maltose (2%) 

+ 

— 

— 

+ 

+ 

— 

Lactose (1%) 


+ 

— 

-f 

— 

+ 

No sugar 


— 

— 



— 


“b =■ fermented; — =* not fermented. 


The second example which will be mentioned of adaptation due to 
chemical environment is the work by Rhoades (1941). He studied 
ninft strains of yeast of the species Saccharomyces cerevisiae, Saccharo- 
myces ellipsmdeus, Saccharomyces carlshergenm, and Schizosaccharomy- 
ces pombe with regard to the constitutive or adaptive nature of their 



602 BACTERIAL ENZYMES AND BACTERIAL RESPIRATION 


enzymes toward the fermentation of glucose, mannose, sucrose, raffi-^ 
nose, galactose, maltose, alpha-methylglucoside, and trehalose. All 
strains of yeast readily fermented the first four sugars, regardless of 
the carbon source in which the cells had been grown; that is, these sugars 
were attacked by constitutive enzymes. In contrast, the other car¬ 
bohydrates employed were fermented by adaptive enzymes as a result 
of a specific chemical stimulation of the yeast cells by growth in the 
presence of the specific substrate. The interesting paper by Lindegren 
(1944) on the selection and hybridization of industrial yeasts should 
be consulted for information on this subject. 

STIMULATION OF ENZYMES BY UNRELATED SUBSTANCES 

So far we have considered the effect of the specific substrate on en¬ 
zyme production. It is also known that the production of certain 
enzymes is conditioned by the presence in the culture medium of sub¬ 
stances entirely unrelated to the homologous substrate. In a series of 
papers from 1916-1918, Jacoby studied the production of urease by 
bacteria and claimed that the formation of an enzyme may be limited 
by substances in the medium which are needed by the cell as ^‘bricks'' 
(^^Bausteine'O for the building up of the enzyme molecule. The car¬ 
bohydrates, for instance, can be classified into four groups according 
to their eflScacy in stimulating urease production in Proteus vulgaris, 
and from this fact Jacoby concluded that the chemical group, 
HOH 

I I 

—C-C-CHO, is necessary for the formation of the enzyme. Haines 

I I 

HO H 

(1932-1933) has studied the effect of the medium on the production 
of bacterial gelatinase and observed that certain inorganic ions greatly 
stimulate the formation of the enzyme. Finally, Quastel (1937) showed 
that, although the production of catalase, urease, and fumarase by 
Micrococcus lysoddkticus varies greatly according to the medium in 
which the organism is grown, the presence of urea does not stimulate 
urease, nor does that of succinate or fumarate excite fumarase produc¬ 
tion. On the other hand, the presence of glucose in the nutritional 
medium stimulates the formation of urease and suppresses that of 
catalase in the organism. According to Quastel, the classification into 
adaptive and constitutive enzymes is inadequate to explain such re¬ 
sults. Rather, he suggests that all these results are best interpreted 
by assuming that the enzymes are themselves metabolites, whose rate 
of formation and destruction varies with the conditions of growth 
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The effect of the substrate could then be due either to contributing 
the necessary organic molecule for the synthesis of the enzyme or to 
affecting its stability (for instance, by combining with it). The adap¬ 
tive stimulation caused by the homologous substrate would be only 
one particular application of these principles. 

USE OF MICROBIAL ENZYMES 

It is well known that several large industries have been built up on 
the function of microorganisms. For example, the brewing industry, 
the production of wines and distilled spirits, and the manufacture of 
industrial alcohol all depend on alcohol fermentation by the complex 
system of enzymes elaborated by yeast cells. The activity of bacterial 
enzymes is illustrated in the use of acetic acid organisms in connection 
with vinegar and acetic acid manufacture, of certain Clostridia in the 
production of acetone and other solvents, and of lAtctobcxillvs del- 
briickii for the formation of lactic acid. Gluconic acid and some of its 
derivatives are produced on a commercial scale by utilizing certain 
bacteria, such as Acetobacter or Pseudomonas^ as well as by Aspergillus 
niger acting on glucose. The manufacture of citric acid from sugar by 
A, niger has gro\vn to such an extent that over 26,000,000 lb. is pro¬ 
duced in the United States per year. Mention may also be made of the 
use in the Orient of certain fungi for the production of various condi¬ 
ments, such as soya sauce, from soya beans and for the manufacture of 
the Japanese national beverage, sake^ from a mixture of soya beans 
and wheat. Further examples to which such processes apply are the 
retting of flax, the curing and fermentation of coffee and cacao beans 
and tea leaves; the production of pickles, sauerkraut, and silage, the 
making of leaven bread and pastries, and the preparation and ripening 
of many cheeses. In most of these processes more than one enzyme 
is involved. 

It is possible in certain instances, where the reaction desired is of 
limited scope and can be attributed to a particular enzyme or mixture 
of enzymes, to afford a marked improvement in the degree of control 
of the process by using purified enzyme preparations from suitable 
microorganisms or other cells. Such enzymes can often be utilized 
under standardized and controlled conditions, even aseptic, if neces¬ 
sary, to produce a larger yield and a better product. According to 
Wallerstein (1939), the history of the use of enzyme preparations in a 
number of industrial processes where they are employed today has 
often followed this sequence of events. First, conditions involving 
the presence of mixtures of many microorganisms were used. For in- 
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stance, in the tanning industry the steeping or sweating of hides was 
accomplished by ‘‘puering’' with dog or bird excreta, and in the textile 
industry desizing was accomplished by soaking fabrics in stagnant 
water C'rotten steep^O* Such practices were then followed by con¬ 
trolling conditions to make them more favorable for the development of 
the particular microorganisms involved in the processes. Later, with 
the realization that the reactions were due to specific enzymes, it be¬ 
came possible to take advantage of the elimination of viable organisms 
and the employment of standard preparations of the enzymes them¬ 
selves. In such industrial uses enzymes like malt diastase, pancreatic 
extracts, and papain, from sources other than microorganisms, have 
long been used for a variety of purposes. Among the enzyme prepara¬ 
tions from microorganisms which have been employed industrially 
are amylase from Aspergillus oryzae, invertase from yeast, and amylase 
and proteases from Bacillus subtilis. Conditions governing the com¬ 
mercial production of these enzyme preparations have been discussed 
in some detail by Wallerstein (1939). 

Commercially prepared enzymes are now widely employed in many 
industries. For example, in the food industry standardized invertase 
preparations are used in the manufacture of certain noncrystallizable 
chocolates with soft-cream centers and the preparation of stable and 
noncrystallizable sirups. Bacterial amylases are being employed to 
dissolve the cocoa starch in so-called chocolate sirups so as to prevent 
their subsequent thickening; they are also being applied in the brewing 
industry for the liquefaction of unmalted cereals, such as wheat, corn, 
and rice. Proteolytic enzymes from bacteria are useful in the clarifica¬ 
tion and maturing of malt beverages and the correction of protein haze. 
Enzyme preparations are also used in the textile industry. Prior to 
weaving, warp threads require strengthening or “sizing.” In cotton 
and rayon weaving, sizing is usually accomplished by impregnating or 
coating the threads or the fibers with gelatin or casein or solutions of 
raw starch which have been modified by liquefaction with amylase to 
make them more penetrating. After weaving, such fabrics must be 
freed of the adhering sizing material before they can be dyed and 
bleached. Amylases and proteases, depending on the nature of the 
fabric and the size, find wide application in this field. Similarly, bac¬ 
terial proteases may be employed for the degumming of silk. 

Bacterial amylases are used in the paper industry for preparing 
sizing pastes; proteolytic enzyme preparations may be applied in the 
stripping of the gelatin coating from photographic plates and motion 
picture films for the recovery of silver salts; and similarly bacterial en¬ 
zyme preparations are used in the so-called “bating” procedure in the 
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leather industry and may be employed in the manufacture of depro- 
teinized rubber. 

Enzymes are also used as laboratory reagents. Examples of this use 
are the procedures in which urease is employed to determine the 
urea content of blood and urine, and the methods for the analysis of 
starch in plant materials by amylase preparations (Taka-diasiase) from 
Aspergillus oryzue. More recently, Dubos and Miller [see Dubos 
(1940-1941)] have developed a highly specific bacterial enzyme tech¬ 
nique for the determination of creatinine in biological fluids, and Dubos 
and others have used bacterial enzymes for the decomposition of the 
capsular polysaccharides of pneumococci. 

Other interesting uses of various enzyme preparations will be found 
in the books by Waksman and Davison (1926) and Tauber (1943) 
and the papers by Wallerstein (1939) and Dubos (1940-1941). 
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BACTERIAL NUTRITION 

A great many studies on the nutritional requirements of bacteria 
have appeared in the literature during the past few years. Although 
there have been several stimuli for these studies, two seem to be the 
most important. First, we have had very little knowledge of the basal 
or essential nutritional requirements of bacteria, especially of patho¬ 
genic bacteria. In the past many microorganisms have had to be 
cultivated on media containing complex mixtures of organic substances 
of imknown chemical composition, because their basal nutritional 
needs were unknown. Thus some knowledge of the requirements of 
these organisms would permit the use of much simpler culture media 
and would greatly simplify their cultivation for all types of morpholog¬ 
ical, biochemical, and immunological studies. Undoubtedly many of 
the discrepancies in the literature, as well as failures to isolate bacteria 
from various materials, have been due to lack of this information. 
Many times such difficulties have been unavoidable because, for ex¬ 
ample, it is almost an impossibility to make two different preparations 
of media containing complex organic substances of unknown chemical 
composition and have them the same. 

In the second place, a great deal of interesting research has been 
reported since the discovery that certain microorganisms, like higher 
forms of life, require various accessory growth factors, or vitamins, 
for development in media free from proteins or their higher cleavage 
products. Four or five of the vitamins of the B-complex were shown 
to be of importance in the nutrition of microorganisms before they 
were demonstrated to be essential for higher forms of life. Thus 
many of the facts which have been observed in microbial nutrition 
have been directly applicable to other phases of nutrition. 

No attempt will be made to cover the literature on the subject of 
microbial nutrition because the general reviews by Knorr (1925), 
Sergent (1928), Peskett (1933), Knight (1936), Burrows (1936), Lwoff 
(1938), Koser and Saunders (1938), Janke (1939), Trager (1941), 
Williams (1941), Schopfer (1943), and Peterson and Peterson (1945) 
have very adequately summarized the early work. Only a few typical 
studies of bacterial nutrition will be discussed wth brief mention from 
time to time of similar studies of other cells. 

616 
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GENERAL REQUIREMENTS FOR GROWTH 

In general, bacteria have very diversified growth requirements. 
For example, certain organisms can synthesize new protoplasm and 
carry out all their life activities in simple aqueous media containing 
only ammonia, carbonate, and trac^ of inorganic salts; other bacteria 
are more deficient in synthetic powers and therefore must find in their 
environment more complex organic substances, such as amino acids 
and sugar, if they are to live. Some organisms can activate (use) 
atmospheric oxygen in their oxidative processes; some must obtain 
their oxygen from substances within the medium and are sensitive to 
atmospheric oxygen; others can exist under either aerobic or anaerobic 
conditions. Certain bacteria show optimum growth at pH 1.0 to 3.0, 
others at pH 10 or above. Some organisms exhibit their normal activ¬ 
ities at temperatures below 0°C. and others at those above 65°C., 
whereas certain species are peculiar and will die rapidly if the tempera¬ 
ture varies but a few degrees from 37.5°C. 

For an organism to carry on its life processes, it must be supplied 
with material which can be transformed into new protoplasm, as well 
as substances which can serve as a source of energy for this transforma¬ 
tion and for other cellular activities, such as motility. As Knight 
(1936) has pointed out, studies of the nutrition of bacteria involve a 
determination of not only the essential components necessary for 
growth, but also the optimum concentration and combination of 
chemical substances which will support life on continued subculture. 
Thus the term nutritional requirements means not only the natural 
food of the organism, but also the fundamental substances which the 
organism must get from its environment in order to live, grow, and 
reproduce. For example, garbage may serve as a suitable food for 
rats, but it is not one of their nutritional requirements, in the sense 
in which thiamin or riboflavin and certain amino acids are necessary 
for optimum development. One needs only to refer to A Compilation 
of Culture Media for the Cultivation of Microorganisms by Levine and 
Schoenlein (1930) to see at once that a great deal more is known about 
the food of bacteria than about their fundamental nutritional re¬ 
quirements. 

The fimdamental problem in the nutrition of any organism (animal, 
plant, or microbe) is the construction of a medium, or diet, of known 
composition which will permit optimum growth and reproduction. 
With bacteria this problem has led to the development of chemically 
defined or synthetic media, that is, media composed of known purified 
chemicals. In the past it has not been diflScult to find carbon, nitrogen, 
and mineral compounds which could be utilized by bacteria. For 
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certain species, however, various extracts of plant and animal tissues 
of unknown and often variable composition also had to be present in 
media before growth would occur. Because of this fact it has been 
difficult to define completely the requirements of many bacteria. The 
isolation, purification, and, finally, the identification of some of the 
active or essential components in the various extracts constitute 
important achievements in bacterial chemistry during the past decade. 

Before the nutritional requirements of several individual bacterial 
species are discussed, a few brief remarks should be made concerning 
the general conditions necessary for the growth of bacteria. These 
requirements will be discussed under the following headings: the role 
of water, the inorganic requirements, the organic requirements, and 
the gaseous requirements. Although these four points arc of funda¬ 
mental importance in studies of the nutrition of bacteria, they are not 
the only general points which must be considered. For example, the 
age and condition of the inoculum may also be very important in 
certain cases, and an effort should always be made to keep the inoc¬ 
ulum constant. Also, the reaction (pH) of the substrate has a marked 
effect on the growth of bacteria. 

THE ROLE OF WATER 

It is well known that water plays an extremely important role in 
all living processes. One needs only to read the review by Barnes 
and Jahn (1934), however, to realize . . the importance of water 
as a neglected component in chemical and biological systems/' Water 
has many peculiar physical properties, such as maximum density at 
4®C., high surface tension, and minimum compressibility at 50°C., 
but its great power as a solvent makes it an indispensable component 
of all biological systems. 

Water is the vehicle by means of which all needed substances are 
brought to the cell and waste products are carried away. Cellular 
absorption, secretion, diffusion, and excretion could not take place 
without water. Since it serves as a solvent or dispersion medium 
for all other constituents of protoplasm, it is one of the most important 
and abundant substances in the living cell. Water exists not only as 
a pure solvent but also as water of hydration, combined with carbo¬ 
hydrates, proteins, and other substances. Furthermore, it is formed 
by the polymerization or synthesis of compounds and by the oxidation 
(dehydrogenation) of hydrogen-containing substances. Such water is 
called metabolic water; from 10 to 14 g. of metabolic water are formed 
per 100 cal. in the ordinary diet. 

Although considerable information is available [see the reviews by 
Adolph (1933), Gortner (1932, 1934), and Barnes and Jahn (1934)] 
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concerning the role of water in higher plants and animals, practically 
nothing is kno^vn about water metabolism in bacteria and other 
microorganisms. Little thought is usually given to this problem in 
studies of the nutrition of bacteria, merely because all bacteriological 
media contain a high percentage of water and it is assumed that they 
satisfy the water requirements of bacteria. The bacterial cell must 
be endowed with exceptional powers, however, to maintain precisely 
the balance between water and other cellular constituents in such an 
environment. We ordinarily think of water as passing freely into and 
out of the cell, because we are in the habit of regarding the plasma 
membrane as permeable to water, but this conception is not valid. 
The water supply of the cell must be very accurately controlled by 
the regulatory power of the membrane or by the protoplasm itself. 

The importance of bound water, heavy water, and the various poly¬ 
mers of water [H 2 O, (H 20 ) 2 , (H 20 ) 3 , etc.] in the metabolism of bacteria 
is unknown, but under certain conditions such waters must markedly 
influence bacterial activities. For example, in Chapter 3 we men¬ 
tioned that bound water may account for the resistance of the bacterial 
spores to adverse conditions. It is also known that high concentra¬ 
tions of heavy water may be toxic to bacteria. Very little attention 
has been given to the effect of the various polymers of water on the 
growth of bacteria. Hegarty and Rahn (1934), however, observed 
that the growth rate of Escherichia coli was slower in media prepared 
from freshly distilled water (predominantly mono- and dihydrol) than 
from freshly melted ice water (predominantly trihydrol). They at¬ 
tributed the retardation of growth in the freshly distilled water to a 
lack of higher water polymers, which seem to be favorable, or neces¬ 
sary, for growth. Barnes and Jahn (1934) have also observed that 
the growth of certain protozoa is increased in water rich in trihydrol, 
(H20)3. For example, when Euglena gracilis was cultivated in water 
high in monohydrol, the cell count increased 32 per cent in 10 to 16 
days, whereas in water rich in trihydrol the count increased 105 per 
cent in the same time interval. Barnes is of the opinion that the 
higher-polymerized water molecules are of primary importance in 
many physiological processes and that they may account for the un¬ 
expected richness of the microflora of the arctic oceans. 

THE EVORGANIC REQUIREMENTS» 

The continued life of bacteria, like that of other organisms, is de¬ 
pendent upon the presence of inorganic salts in their protoplasm and 

^ The literature on the inorganic requirements of plants, animals, and micro¬ 
organisms has been reviewed in a comprehensive bibliography published (1939' 
1944) by the Chilean Nitrate Educational Bureau, Inc., New York. 
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in their surrounding medium. Salts serve bacteria in their metabolic 
activities both as constituents of substances formed, such as proto¬ 
plasm, and as part of catalysts (enzymes) or activators of reactions. 
They function also as physical agents in establishing and maintaining 
osmotic pressure, concentration equilibria, and electric balance between 
the cell and its substrate. 

Very little is known about the salt requirements of various bacteria 
or their exact function in such cells. Part of our ignorance of this 
subject is due to the fact that certain elements are effective in great 
dilution and may be present as a ^^trace’^ in the organic ingredients 
and other salts which are commonly used in preparing bacteriological 
media. Table 1, for instance, shows the extent to which certain 
organic substances commonly employed in preparing culture media 
are contaminated ^\^th inorganic materials. 

TABLE 1 

Presence of Several Trace Elements f in Organic Compounds 
Used to Culture Microorganisms 

[From Steinberg 0938)] 


Substance 


Bactopep- 
ione, Difco 
Peptone, 
Witte 
Malt 
extract, 
Difco 
Yeast 
extract, 
Difco 
{'Inositol, 
Pfanstiehl 
Casein, 
Pfanstiehl 


+• strong trace; +? *« doubtful; — ** negative or data not recorded, 
t Demonstrated with a Bausch & Lomb large^sized quartz spectrograph and carbon are. 

Only very rigorous and specially designed experiments can deter¬ 
mine the exact inorganic salt requirements of an organism. Usually 
such experiments are carried out either by determining the elements 
in the ash of a given organism or by cultivating it on synthetic sub¬ 
strates to which salts of known piurity can be added. An elementary 
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analysis of bacterial ash is of limited value because the organisms may 
contain nonessential elements, especially if they have been cultivated 
on media containing nonessential substances. Such analyses are, 
however, useful in determining the gross inorganic salts necessary for 
a medium. The second procedure for determining the salt require¬ 
ments of an organism may also lead to erroneous results unless the 
ingredients of the synthetic media employed have been subjected to 
spectroscopic analysis. Although such experiments have been carried 
out with plants, animals, and higher fungi [Foster (1939), Steinberg 
(1935-1941)], only a few attempts have been made with bacteria 
[see Steinberg (1938), Waring and Workman (1943, 1944), Young, 
Begg, and Pentz (1944), and the references in the following discussion]. 

The ‘‘tracer-element requirements of plants, animals, and higher 
fungi are now receiving considerable attention; similar studies of bac¬ 
teria are needed before we can draw any general conclusions concerning 
their salt requirements. Until a few years ago it was thought that 
only ten elements (carbon, hydrogen, oxygen, nitrogen, sulfur, phos¬ 
phorus, potassium, calcium, magnesium, and iron) were necessary for 
plant life, but we now know that this number is wholly inadequate. 
Although sodium was not listed in the first ten elements necessary for 
plant life, it was known that common salt was essential for animals, 
especially herbivorous ones. In recent years the list of elements occur¬ 
ring in plants and animals, and therefore possibly necessary for life, 
has lengthened considerably. The following list includes those ele¬ 
ments so far reported as occurring in plants and animals: 


Carbon 

Sodium 2 

Manganese ^ 

Arsenic 

Beryllium 

Hydrogen 

Chlorine 

Copper * 

Selenium 

Cadmium 

Oxygen 

Iodine 

Zinc 2 

Thallium * 

Chromium * 

Nitrogen 

Bromine 

Tin* 

Titanium 

Cesium 

Potassium * 

Fluorine 

Aluminum 

Silver * 

Cerium 

Calcium * 

Silicon 

Rubidium 

Molybdenum 

Gold* 

Phosphorus * 

Boron * 

Cobalt 

Vanadium 

Lanthanum * 

Magnesium * 

Lithium 

Lead * 

Radium 

Thorium 

Sulfur 

Barium * 

Nickel 

Germanium 

Zirconium 

Iron* 

Strontium 

Mercury 

Gallium 



At present it is impossible to say whether every one of the fifty 
elements found in plants and animals is essential, but certainly more 
than ten or twelve are needed for some forms of life. In this connec¬ 
tion it is of interest to mention the work of Calvery (1942). He re- 

* These elements have also been demonstrated in yeast by qualitative spectro¬ 
scopic analysis [Richards and Troutman (1940)]. 
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viewed the literature on the occurrence, nutritional value, and toxicity 
of a number of elements which are present in small quantities (20 p.p.m. 
per gram or less) in foods. With this information he was able to classify 
the trace elements into the following four classes: 

1. Nutritive trace elements^ or those which have been shown to 
play a definite role in normal biological processes: cobalt, copper, iron, 
iodine, manganese, and zinc. Physiological significance has also been 
ascribed to arsenic, aluminum, barium, bromine, fluorine, nickel, ru¬ 
bidium, and silicon, but, as Calvery has pointed out, their essential 
nature in higher animals has not been fully established except, possibly, 
that of fluorine. 

2. Nonnutritive and nontoxic trace elements^ or those which have not 
been demonstrated to be required by higher forms of life but which 
cause no deleterious effects when given to animals in quantities up 
to 100 p.p.m. of diet: aluminum, beryllium, boron, chromium, silicon, 
strontium, tin, titanium, and nickel. 

3. Nonnutritive and toxic trace elements, or those which cause harmful 
effects in animals when administered in amounts of 100 p.p.m. or less 
in the diet: silver, bismuth, cadmium, fluorine, mercury, lead, arsenic, 
antimony, barium, bromine, selenium, thallium, molybdenum, vana¬ 
dium, and thorium. 

4. Miscellaneous trace elements, or those v/hich have been reported 
to be present in foods but whose significance in nutrition is unestab¬ 
lished and whose toxicology has not been thoroughly investigated: 
cesium, germanium, gold, lanthanum, lithium, rubidium, thorium, 
zirconium. 

We have mentioned that there is very little definite information 
concerning the general salt requirements of bacteria. However, since 
a few facts are available concerning the metabolic function of the 
elements in microorganisms, and since several studies with bacteria 
have produced some interesting information, these elements should be 
discussed here. The first four elements in the preceding list need not 
be mentioned, since they, together with phosphorus and sulfur, are 
essential components of all living cells. 

Potassium. The function of potassium in organisms appears to be 
primarily catalytic. This is true of numerous other elements which 
do not enter into the composition of tissue or serve directly as food for 
producing energy. Actually, however, the exact role of potassium in 
the living cell is still unknown. 

In spite of the fact that textbooks on plant and animal physiology 
and biochemistry state that potassium is necessary for all organisms, 
there is some evidence available to question such statements where 
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bacteria are concerned. After reviewing the literature on this subject 
and carrying out personal researches as well, Rahn (1936) concluded 
that certain bacteria require no potassium for growth. Some of his 
results are summarized in Table 2, which needs no special explanation 
other than to call attention to the fact that rubidium and cesium can 
partially replace potassium in the nutrition of certain organisms. 
Braun and Mundel (1929) and Mueller (1935) have also demonstrated 
that potassium either is essential for or stimulates the growth of the 
diphtheria bacillus, and Davies (1942) has shown that this element is 
an essential factor in the fermentation of maize meal by Clostridium 
acetobutylicum. 

Potassium is known to be necessary for the optimum growth of many 
other microorganisms, for example, the Chlorella species. It is also an 
activator for certain enzyme systems [see Quastel and Webley (1942)]. 


TABLE 2 

Potassium Requirements op Various Organisms 
[From Rahn (1936) and others] 



K 



K Can Be Keplaced by 


Organism 

Necessary 

Na 

Li 

Rb 

Cs 

u 

Ha 

AspergiUus niger 

+ 

-- 

— 

+ * 




Yeast 

+ 

— 

— 

+ 

— 

— 

(Thorium, —) 

Chlorella species 

+ 

— 

— 


d: 



Mycobacterium tuberculosis 

+ 

— 

— 

+ * 

— 

— 

— 

Bacillus subtilis 

+ 

— 




— 

— 

Azotobacter species 

+ 

— 






Rhizobium species 

+ 

— 







Colon-typhoid group — 

Paeitdomonaa aeruginosa — 

Pseudomonas fluorescens — 

Serratia marcescens — 

Staphylococcus aureus -f ? 

-}-♦ Formation of spores poor or absent, crop reduced, or variable results. 

I- Calcium. Calcium is important in the nutrition of plants and ani¬ 
mals, though its complete function is unknown. It apparently plays 
a catalytic role, but it is also known to be bound to proteins, lipides, 
and cell-wall constituents. Little is known about the calcium require¬ 
ments of bacteria, although some bacterial processes may demand 
calcium. For example, several investigators [see Burk (1934)] have 
claimed that calcium is specifically required for nitrogen fixation by 
Azotohader and Rhizobium species, but more recent studies [see Wilson 
(1940)1 question whether calcium is specific for this reaction. Boltjes 
(19*S5) found that calcium played a very important part in the nitrifi¬ 
cation process with NUrosomonas species, although the reaction took 
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place slowly without its addition. Another example of a bacterial 
process which appears to require calcium ions is gelatinase formation 
by various bacteria [Merrill and Clark (1928), Haines (1932, 1933)]. 

Calcium is not essential for growth of the nitrogen-fixing alga, 
Nostoc muscorurriy in the presence of combined nitrogen, but in a nitro¬ 
gen-free medium nitrogen fixation is retarded in its absence. Growth 
of some other algae, such as Chlorella vulgaris, is not influenced by 
calcium. This element is apparently essential, however, for normal 
growth and spore formation of certain molds in the genera Aspergillus 
and Penicillium. 

Phosphorus. Phosphorus plays a very important role in the living 
world and has been recognized as an essential element for plants and 
animals for many years. Although bacteria have not been studied 
systematically in so far as their phosphorus requirements are concerned, 
phosphates have been reported to be essential for the diphtheria bacillus 
[Braun and Mtindel (1929)], for certain strains of dysentery bacilli 
[Horster (1930)], and for Pseudomonas aeruginosa [Robinson (1932)], 
and we can probably assume that all bacteria require this element. 
Phosphorus is also required for yeasts and molds [Mann (1943)]. The 
importance of phasphate in the utilization of carbohydrates by plants, 
animals, and microorganisms is well known, even though its exact 
function has not been fully elucidated. 

Magnesium. Magnesium has been known to be important in 
metabolic processes for many years. It is a component of bacterio- 
chlorophyll and is apparently essential for nitrogen fixation by Azo- 
tobacter species, for the normal growth of Escherichia coli [Yoimg, 
Begg, and Pentz (1944)], for gelatinase activity by bacteria [Merrill 
and Clark (1928), Haines (1932, 1933)], and for other enzymatic 
processes, especially those involving phosphorylation [Utter and Werk- 
man (1942)]. This element also has been shown to be essential for 
certain higher fungi and algae; sometimes it can be replaced by 
manganese. 

Sulfur. Sulfur is a constituent of protein and therefore necessary 
to its synthesis by living cells. Such sulfur-containing substances as 
cystine, methionine, glutathione, insulin, thiamin, and biotin play im¬ 
portant roles in cellular metabolism. The sulfur bacteria are an out¬ 
standing instance in which nature has raised this element to a high posi¬ 
tion in the physiology of the cell. These bacteria use sulfur as a source 
of energy in the synthesis of protoplasm and more complex foods. 

Animals and certain microorganisms require organic sulfur com¬ 
pounds for growth, but plants and some microorganisms can utilize 
inorganic forms of sulfur. In microorganisms sulfur (sulfate, sulfide, 
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etc.) improves pigment formation {Pseudomonas aeruginosa), is re¬ 
quired for yeast growth, is important in spore formation {Aspergillus 
fumigatus), and prevents chlorosis (green algae). 

Sodium. Sodium probably is more important in cellular processes 
than we realize. We are unaware of its function in the nutrition of 
bacteria. 

Iron. Iron is essential as a catalyst in vital reactions and is the 
basis for Warburg^s theory of biological oxidation. A deficiency of iron 
causes anemia in animals, chlorosis in plants, and poor growth and 
metabolism of many microorganisms. It is important in the growth 
of Azotobacter when both combined nitrogen and atmospheric nitrogen 
are used [Burk (1934)], and it is undoubtedly essential or stimulative 
for many other microorganisms. Specific examples are the studies 
by Reed and Rice (1928) of Mycobacterium tuberculosis and by Mcln- 
tire, Riker, and Peterson (1941) of the crown-gall organism, Phytch 
monas tumefaciens. Another example which may be cited of the im¬ 
portance of iron in bacterial processes is toxin production by Coryner 
bacterium diphtheriac, Str0m (1935), Pappenheimer and Johnson 
(1936), and others have noticed that toxin production by this organism 
is controlled to a large extent by the concentration of iron in the 
medium. Pappenheimer and Johnson reported that 2 X 10“® M is 
the optimum concentration of iron and that a sharp fall in toxin forma¬ 
tion takes place on either side of this value. The inhibitory effect of 
increased concentrations is on toxin production and not on the growth 
of the organism. More recently Waring and Werkman (1943, 1944) 
have studied the iron requirements of several heterotrophic bacteria. 
They found that Escherichia coli, Aerobacter aerogenes, Aerobacter 
indologeneSj and Klebsiella pneumoniae require an iron concentration 
of about 0.02 to 0.03 p.p.m. for maximal growth; Pseudomonas aeru^ 
ginosa requires about four times this amount. Serratia marcescens 
has an even greater requirement, and the production of the pigment 
prodigiosin is associated with the iron concentration. A deficiency of 
iron in the medium suppresses the activity of catalase, peroxidase, 
formic hydrogenlyase, formic dehydrogenase, and hydrogenase of Aero- 
bacter indologenes, and the cytochrome bands are not visible in the 
iron-deficient cells. Similar results have been reported by Young, 
Begg, and Pentz (1944), using Escherichia colL 

Yeasts apparently require iron for normal growth, and the element 
is essential for growth and spore formation of Aspergillus niger and 
other molds. Some fumaric acid- and citric acid-forming molds are 
stimulated by iron salts, whereas others are extremely sensitive to 
them. 
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Several organic iron complexes, such as hemin, catalase, and cyto¬ 
chrome, also play very important roles in the normal metabolism of 
bacteria and other cells. The iron bacteria are interesting in connec¬ 
tion with this brief discussion. They derive their energy for cellular 
activities by oxidizing certain iron salts. The nutrition of these organ¬ 
isms will be discussed later. 

Chlorine, Iodine, Bromine, and Fluorine. The role played by 
the halogens in the nutrition of bacteria is unknown. As a matter of 
fact, there is no definite information available to prove that they are 
even essential. Iodine, bromine, and fluorine are known to be present 
in quite large quantities in certain algae, but their function, if any, 
has not been established. However, it is known that small quantities 
[1 p.p.m. to 1 p.p.t. (part per trillion)] of iodine, either as elementary 
iodine or as the salts of sodium, potassium, or calcium accelerate yeast 
[Greaves, Zobell, and Greaves (1928)] and bacterial growth [Lewis 
(1942)]. It is of interest that Lewis (1942) demonstrated an interaction 
between copper and iodine in the early growth stages of Azotdbacter 
agile. The presence of certain concentrations of copper in the medium 
lengthened the lag phase of the population cycle, but this effect wai^ 
diminished in the presence of iodine. Powers (1939) has also found 
that the nodule organisms of legumes are beneficially affected by traces 
of iodine. 

Silicon, Boron, and Lithium. There is no evidence available 
which indicates that these elements are essential to bacterial growth. 
They are known to be of importance in the nutrition of certain plants, 
but their metabolic function is unknown. Brenchley (1943) states 
that several workers have observed poor development of nodule bac¬ 
teria on the roots of leguminous plants which were deficient in boron 
and thus deprived of their usual accessory supply of nitrogen. The 
function of boron in plants may therefore be concerned with the perme¬ 
ability of the root protoplasm. Boron has also been reported to be 
essential for normal growth of certain higher fungi {Dothiorella species). 
It has been reported [Lasnitzki and Szor4nyi (1934)] that lithium salts 
slightly increase the growth of some yeasts, but in certain concentrar 
tions they markedly deform the morphology of various bacteria. 

Barium and Strontium. Although these elements are widely dis¬ 
seminated in nature and occur in plants and animals, their function 
is not well understood. For several years it was thought that strontium 
could replace calcium as an essential element in the nitrogen-fixation 
process by AzotobacteVy but even the importance of calcium in this 
reaction has been questioned in the last few years. Both barium 
and strontium are far more toxic than calciu^n, and it is doubtful if 
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either can replace calcium in celliilar nutrition. With molds of the 
genus Aspergillus receiving optimum quantities of sulfur, small amounts 
of barium chloride increase the yield of mycelium and acidity in cer¬ 
tain media, whereas large amounts decrease both [Steinberg (1936)]. 
Barium and strontium also decrease the elasticity of Spirogyra proto¬ 
plasm. 

Manganese, Copper, and Zinc. The function of these three ele¬ 
ments in metabolic processes is probably catalytic. In fact, copper 
and zinc are known to be the prosthetic groups of certain oxidizing 
pigments, enzymes, and other substances. 

Manganese stimulates the development of Phytomonas tumefaciens 
[Meintire, Riker, and Peterson (1941)] and the rate of growth of 
Lactobacillus casei but does not influence the extent of growth of the 
latter organism [Woolley (1941)]. For example, in L. casei growth and 
acid production are completed in 12 to 16 hours in the presence of 
manganese (1.3 to 2.6 Mg-)> but in its absence 40 hours’ incubation is 
required to obtain the same results. Manganese salts in small amounts 
have been found to have a beneficial effect on ammonification and 
nitrification processes in the soil. The element also stimulates the 
growth and development of certain yeasts, conidia production by molds 
{Aspergillus niger), and color formation by some algae. The importance 
of manganese in the nutrition of plants and animals has been discussed 
by Brenchley (1943) and Forman (1943). 

The part played by copper in bacterial processes is not very well 
understood. Mulder (1939) has sho^vn that Azotobacter chroococcum 
cultures do not blacken on ageing in the absence of copper, and Lewis 
(1942) has found that certain concentrations of copper salts lengthen 
the lag phase of Azotobacter agile. Yeast development appears to be 
quite sensitive to copper; even small amounts decrease growth. Mi¬ 
nute amounts of copper also influence the growth and pigment forma¬ 
tion of certain molds {Aspergillus niger) and algae. In fact, the color of 
Aspergillus niger spores can be used as an indicator to test for the 
presence of copper in soils and other substances; as little copper as 
0.06 fjLg. per milliliter of nutrient solution permits normal spore color. 
The importance of copper in the formation of hemoglobin from iron 
by animals and the role played by this element in plant nutrition 
have been discussed by Brenchley (1943) and Forman (1943). 

Zinc is known to be essential in trace amounts for the normal de¬ 
velopment of certain plants, animals, and microorganisms. Most of 
the work on microorganisms haj been done with molds and algae 
{Chlorella species). In molds zinc has been shown to be essential for 
the optimum growth of such species as Phycomyces blakesleeanuSf 
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Aspergillus niger, and Rhizopus nigricans. Its role is catalytic, glucose 
being utilized more completely in its presence [Foster and Waksman 
(1939)]. 

Tin to Zirconium. The last twenty-six elements in the list on 
p. 620 have been isolated from plants and animals, but very little, if 
anything, is known about their function in such organisms. Even 
less is known about these elements in bacteria and other microorgan¬ 
isms. In fact, only a few studies have been carried out on these 
elements. 

The effect of tin on the nutrition of microorganisms has not been 
studied, but it is considered nonnutritive. Aluminum is not needed 
by any kno\vn microorganism; in fact, concentrations above approx¬ 
imately 0.35 per cent hinder the growth of some molds, such as Asper- 
gillus niger. Rubidium can partially replace potassium in the nutri¬ 
tion of certain organisms [Rahn (1936)], but its function is unknown. 
Even though cobalt deficiencies lead to anemia in certain animals and 
may cause chlorosis in plants, nothing is known about the effect of this 
element on the nutrition of fungi [Forman (1942)]. It is known, 
however, that cobalt markedly inhibits the formation of bacterial 
tumors {Phytomonas tumefaciens) in certain plants. 

Lead, nickel, and mercury have been found in small amounts in 
certain living cells, although their function, if any, is not known. These 
elements are usually considered nonnutritive and toxic for most cells. 
Arsenic probably belongs to this same group of toxic elements, even 
though several workers have reported that low concentrations of arsenic 
salts stimulate the growth and activities of some plants and soil 
bacteria. It is also kno^vn that certain molds, such as Penicillium 
species, produce volatile arsenic substances when gro^\m in the pres¬ 
ence of stable arsenic compounds; nothing is known about the function 
of such reactions. 

Certain bacteria can derive their energy by oxidizing selenium to 
selenic acid, and it has been reported that the germination of spores 
and the growth of certain molds are favored by very dilute concentra¬ 
tions of sodium selenate. The enrichment of growth of streptococci 
by thallium has been studied by McKenzie (1941), and Richards found 
that approximately 0.001 mg. of thallium per milliliter of medium in¬ 
creased the growth of yeast by about 80 per cent. Stapp (1942) has 
found that the virulence of PhytomoncLS tumefaciens for certain plants 
is increased by trace amounts (0.0001 to 0.001 per cent) of titanium 
sulfate. Silver is considered to be a nonnutritive and toxic element, 
although it has been demonstrated in certain cells in minute amounts. 

Molybdenum is known to increase nitrogen fixation by certain 
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species of Azotobacter and Rhizohium and by the blue-green algae of 
the genera Anabaena and Nostoc [see Wilson (1940), Homer, Burk, 
Allison, and Sherman (1942)]. In Azotobacter species, for example, 
1 to 4 p.p.m. of molybdenum increases the amount of nitrogen fixed 
by 10 to 30 times. This element has also been reported to be essential 
for the optimum growth and development of certain molds (Asper- 
giUus niger). Vanadium can replace molybdenum as an accelerator 
of nitrogen fixation by some Azotobacter species, but it produces a 
maximum effect of only about one-half to three-fourths that of molyb¬ 
denum. A trace amount of vanadium also acts as a stimulant for 
Aspergillus niger [Bertrand (1941)]. 

It has been reported that radium in minute amounts increases the 
growth of certain microorganisms, but it is also known that larger 
amounts are harmful to protoplasm. The effect of germanium on 
microbial processes has not been studied very extensively; however, 
Geilmann and Briinger (1935) showed that Aspergillus niger takes up 
considerable amounts of this element from nutrient solutions and is 
unaffected by even large quantities (up to 100 mg. Ge 20 per 100 ml.). 
Gallium in a concentration of 0.01 to 0.02 mg. per liter, along with sev¬ 
eral other elements, is essential to the optimum growth and develop¬ 
ment of Aspergillus niger [Steinberg (1938)], but its need by other 
microorganisms is unknown. 

The nutritional aspects of a few other elements which have not been 
mentioned have also been studied, but, in general, nothing is known 
about their function. For example, it has been observed that beryl¬ 
lium and cadmium can replace zinc in the nutrition of some molds, 
and that chromium salts stimulate the oxygen uptake by Rhizobium 
meliloti in a nitrate-mannitol medium. Cesium may increase slightly 
the growth of certain yeasts in a synthetic medium and stimulate the 
development of Chlorella. Cesium, as well as lithium, calcium, barium, 
and strontium, decreases the elasticity of the protoplasm of Spirogyra^ 
whereas potassium and sodium increase it. 

From the foregoing discussion it can be seen that not too much is 
known concerning the function of the various elements in the nutrition 
of bacteria. In this connection it is interesting to mention Thatcher^s 
(1934) classification of the elements found in plants, since these ele¬ 
ments probably act in a like manner in microorganisms. Thatcher 
classified the elements into the following eight groups on the basis 
of their similarity of function and chemical properties: 

Group I: hydrogen and oxygen, energy-exchange elements. 

Group II: carbon, nitrogen, sulfur, and phosphorus, energy storers. 

Group III: sodium, potassium, calcium, and magnesium, transloca¬ 
tion regulators. 
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Group IV: manganese, iron, (cobalt, nickel), copper, and zinc, oxida¬ 
tion-reduction regulators. 

Group V: boron, aluminum, silicon, arsenic, and selenium, function 
unknown. 

Group VI: chlorine, fluorine, bromine, and iodine, function unknown. 

Group VII: cobalt and nickel, function unknown but probably those 
of IV. 

Group VIII: germanium, gallium, and other rare elements, function 
unknown. 

In spite of the fact that little is known concerning the mineral re¬ 
quirements of bacteria, their needs are usually satisfied by adding a 
few simple salts of ordinary purity to common bacteriological media. 
When chemically defined media are used, it is customary to include 
the ions sodium, potassium, magnesium, calcium, iron, chloride, sulfate, 
phosphate, and carbonate. Sometimes, however, certain specific ions 
may be needed before the bacteria will grow and exhibit their normal 
activities. For example, some intermediate strains of Corynehact^rium 
dipMheriae grow only in the presence of a mixture of certain mineral 
salts in a chemically defined medium [Evans, Happold, and Handley 
(1939)]. 

THE ORGANIC REQUIREMENTS 

Bacteria vary greatly in their carbon requirements, and the answer 
to the question of whether any given compound can serve as a source 
of carbon for any specific organism depends on several factors. For 
example, the organism must be able to decompose the compound, since 
it is unlikely that any constituent of ordinary culture media is suffi¬ 
ciently reactive to enter into the material of the cell without first 
undergoing some change. This change may occur aerobically or 
anaerobically, but it must yield energy for subsequent metabolic re¬ 
actions, and it must produce compounds which can be built into 
cellular protoplasm. 

As a matter of convenience, bacteria are usually divided into two 
groups on the basis of their ability to obtain energy by the oxido- 
reduction of different substances. One group, called the autotrophic 
bacteriat utilizes carbon dioxide or carbonates as a sole source of carbon, 
whereas the other group, called heterotrophic bacteria, requires a source 
of carbon more complex than CO 2 . Until recently it was thought 
that the distinction between these two groups was quite sharp. How¬ 
ever, the discovery by Wood and Workman in 1935 that heterotrophic 
bacteria assimilate CO 2 has weakened the distinction between the two 
groups. This subject is discussed in more detail on pp. 633 to 636. 
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It is evident that the so-called autotrophic bacteria cannot secure 
energy by oxidizing carbon dioxide or carbonates. Instead they are 
reduced and built up into organic compounds. Since energy is required 
for this reduction, autotrophic bacteria may be divided into two groups 
on the basis of the source of this energy. The first group is termed 
photosynthetiCf inasmuch as light energy is used for their reduction. 
Some of the sulfur bacteria (Thiobacteriales) possess coloring matter 
which apparently functions for these bacteria in much the same fashion 
as chlorophyll acts for the higher green plants. Thus such bacteria 
absorb certain of the sun^s rays and build up organic carbon compounds 
from carbon dioxide in much the same manner as the green plant 
utilizes the energy of the sun’s rays in the manufacture of starch. 
The second group of autotrophic bacteria is called chemosynthetic. 
These organisms build organic compounds from carbon dioxide by 
utilizing the energy from the oxidation of various inorganic compounds. 
Sulfur and its compounds, ammonia, nitrites, and probably ferrous 
and manganous salts are among the inorganic substances from which 
this energy is derived. 

The heterotrophic bacteria obtain their energy by oxidation of or¬ 
ganic matter. Such a process is sometimes termed dissimilation, or 
catabolism. All the organisms concerned in the production of disease, 
as well as other microorganisms which are most frequently studied 
in the laboratory, secure energy by the oxidation of organic carbon 
compounds. The range of organic compounds available to an organism 
varies greatly from species to species and probably forms the principal 
basis of its adaptation to environment. Although it is more convenient 
to mention the utilization of various carbon compounds by bacteria 
when the nutrition of the individual species is discussed, one or two 
examples from the study by den Dooren de Jong (1926) should be 
cited here. Using a group of 14 common bacteria and some 200 differ¬ 
ent substances, den Dooren de Jong found that carbohydrates and 
related compotmds are the most generally utilized source of carbon; 
next come malic, citric, succinic, and lactic acids, followed by the fatty 
acids and then the monohydric alcohols. One species {Pseudomonas 
putida), for example, was able to supply its carbon requirements 
from 77 out of some 200 compounds examined, including 6 out of 7 
carbohydrates, 10 out of 40 alcohols, 10 saturated and 3 unsaturated 
out of 68 fatty acids, 17 out of 28 amino acids, 9 out of 19 amides, 
and 7 out of 41 amines. 

THE GASEOUS REQUIREMENTS 

Bacteria show considerable variation in their gaseous requirements, 
especially for oxygen and carbon dioxide. Because of the importance 
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of these two gases in the metabolic processes of bacteria, they will be 
discussed separately. Although other gases, such as hydrogen and 
nitrogen, may be of importance in certain individual bacteria, they 
do not appear to be of fundamental importance to all. 

Although the proper gas relationship in bacterial nutrition is very 
important, this fact has not always been realized by many workers, 
and more work is seriously needed in this field. 

Some bacteria will not grow in the absence of free oxygen; others 
will not develop in its presence; still others can adapt themselves to 
either condition. An organism which requires free oxygen is called 
aerobic; one whose growth is inhibited by free oxygen is anaerobic; 
one that grows under aerobic or anaerobic conditions is termed/ocid^o- 
tive. It is also known that certain organisms grow neither in contact 
with oxygen at atmospheric pressure nor in a medium totally devoid 
of oxygen. Such organisms are usually called microaerophilic. Al¬ 
though the distinctions among these four groups are not well marked, 
it is often convenient to use this classification in determining the oxygen 
requirements of an organism. 

The technique used for the cultivation of bacteria under aerobic 
conditions is so common that it hardly needs comment. In general, 
little attention is givem to the oxygen supply, providing the media em¬ 
ployed are nutritionally adequate for the organism. Recent studies 
by Cahn-Bronner (1940) and Rahn and Richardson (1941), however, 
show that not enough attention has been given in the past to the 
oxygen supply when cultivating aerobic bacteria. On the other hand, 
there are several important factors which must be considered in the 
cultivation of anaerobic bacteria in nutritionally adequate media. 
Knight (1941) believes that the three main factors involved are the 
following. 

1. The Exclusion of Oxygen of the Air from the Media* Most 
vegetative cells of the anaerobic bacteria are very sensitive to oxygen, 
and it has been assumed, since such organisms lack catalase, that perox¬ 
ide accumulates in the media imder aerobic conditions and kills the 
organisms. Other factors also seem to be involved, however, because 
it is possible to prepare liquid media free of dissolved oxygen (by de¬ 
aeration with pure nitrogen gas) in which a small inoculum of washed 
and aerated cells will not grow. Usually such cells will grow, however, 
if a little cysteine is added to the deaerated media. 

2. The Use of Media of Sufficient Reducing Capacity and In¬ 
tensity* Most common bacteriological media consisting of meat ex¬ 
tract, peptones, glucose, etc., contain reducing substances, such as 
reduced glutathione or cysteine, whose presence can be detected by 
the ability of the media, when thoroughly deaerated, to reduce certain 
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oxidation-reduction indicator dyes like methylene blue and to impress 
a relatively negative potential on a noble electrode when measured 
with a potentiometer. Certain of these reduced substances in complex 
bacteriological media are oxidized only slowly in the presence of 
molecular oxygen, the rate depending upon the presence of catalysts 
and the pH. Therefore such media are often partially reduced for 
some time after their preparation. It has also been shown by Lepper 
and Martin (1929) that in broth media containing solid meat (the 
so-called deep-meat tubes) at least two reducing systems are in opera¬ 
tion. One is due to the autooxidation of the unsaturated fatty acids, 
particularly linolenic, of the meat lipides catalyzed by the hematin 
of the muscle tissue. This process removes dissolved oxygen but does 
not reduce methylene blue. The second system consists of glutathione 
plus fixed thiol groups of the denatured muscle protein. This system 
reduces methylene blue and would show a negative (reducing) poten¬ 
tial {Eh of about —0.2 volt) at an electrode by virtue of the reduced 
glutathione and other such compounds. 

The reducing capacity of most common bacteriological media is not 
very great, since the presence of a small amount of an oxidizing agent 
or gaseous oxygen is sufiicient to overcome their reducing activity. 
This point can be demonstrated by the reoxidation of a reduced oxida¬ 
tion-reduction indicator dye dissolved in the medium or by the rapid 
positive drift of an electrode. It is often advantageous to add suitable 
reducing agents to such media immediately before inoculation so as 
to increase their weak reducing capacity. Reducing agents which are 
capable of more or less general application include certain thiol com¬ 
pounds, such as glutathione, cysteine, and thioglycollic acid in a final 
concentration of about 0.002 M; ascorbic acid; and “glucose 6volu6,^^ 
prepared by heating a 10 per cent solution of glucose in 0.1 N NaOH at 
110°C. for 15 minutes. 

3* The Condition of the Inoculum. It is well known that the 
vegetative cells of the Clostridia and other anaerobes are sensitive to 
oxygen and other oxidizing agents. In an actively growing culture 
anaerobic bacteria act as strong reducing agents and produce reducing 
substances such as cysteine from the ingredients in the medium. 
Similarly, other substances, such as coenzymes I and II, hematin, 
and riboflavin, which may be present in a medium containing tissue 
extracts will be reduced by the bacterial growth. Therefore an inoc¬ 
ulum of a growing culture will carry with it some of its own reducing 
agents which will protect the cells from the oxygen of the air and add 
to the reducing capacity at the locality in the medium where the in¬ 
oculum is placed. The effect of materials such as sand, kieselguhr, 
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charcoal, and filter-pulp, which have sometimes been placed in media 
for anaerobic cultivation, is due to their providing a ‘‘nidus,*' where 
the proliferation of a few cells can take place without the reducing 
substances formed locally being rapidly disp)ersed or oxidized by inward- 
diffusing oxygen. Such substances also help to maintain the proper 
CO 2 concentration in the vicinity of the cells. The spores of the 
Clostridia are of course much more resistant to the effects of oxidation 
than are the vegetative cells, and as a rule they are not killed in the 
presence of oxygen. The aeration of a washed spore suspeasion, 
however, will make the spores more difficult to germinate than are 
unoxidized spores. 

From this brief analysis of the factors involved in anaerobic cultiva¬ 
tion of bacteria it can be seen that what happens when an inoculum 
of an anaerobic organism is placed in a medium is determined by the 
interaction of the three factors just discussed. There is competition 
between the reducing power of the medium and inoculum, on the one 
hand, and the oxidizing action of atmospheric oxygen on the other. 
The outcome of this competition determines whether continued prolif¬ 
eration of the bacteria will take place. The situation can be simplified 
by the total exclusion of gaseous oxygen, that is, by cultivating agar 
plates or other media in an atmosphere of purified nitrogen or hydrogen. 

Carbon dioxide is another gas which plays a very important role 
in the nutrition of many bacteria. Although it has been known for a 
long time that autotrophic bacteria recjuire or utilize carbon dioxide, 
the necessity for this gas in the culture medium of heterotrophic bacte¬ 
ria became apparent only in 1924 in Brucella abortus, and since then 
it has been shown that, in the complete absence of CO 2 , growth and 
metabolism of diverse living systems are seriously impaired. For 
example, under experimental conditions which would insure (1) the 
initial presence of not more than traces of CO 2 , and (2) the prompt 
removal of additional amounts formed during metabolLsm, the germi¬ 
nation of spores and the growth of various microorganisms are greatly 
retarded, if not altogether prevented. Even such a respiratory activ¬ 
ity as the reduction of methylene blue by resting cells has been shown 
to be dependent upon the presence of carbon dioxide [see Valley and 
Rettger (1927), Valley (1928), Gladstone, Fildes, and Richardson 
(1935), Longsworth and Macinnes (1936), and Hes (1938)]. Until 
recently, however, it has been impossible to interpret these results. 

In 1935 Wood and Workman presented the first experimental evi¬ 
dence that heterotrophic bacteria actually assimilate carbon dioxide. 
Although their proposals necessitated the acceptance of a new prin- 
riple in the metabolism of bacteria, their work has now been so com- 
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pletely confirmed that there is no longer any doubt that their original 
theory was correct. Actual proof came, however, only when labeled 
C 02 (C “02 and C^^ 02 ) became available for biological studies; that is, 
when the assimilation of CO 2 could be traced. 

One explanation of the role of carbon dioxide in cellular metabolism, 
therefore, is that the gas is assimilated or converted into organic 
substances. The available evidence [see Krampitz and Workman 
(1941)] supports the following reaction: 

CO 2 + CH 3 CO COOH ^ HOOC CH 2 CO COOH 

Pyruvic acid Oxaloacetic acid 

The oxaloacetic acid thus formed may then be reduced to malic, 
fumaric, and succinic acids and take part in the C 4 -dicarboxylic acid 
cycle, the Krebs citric acid cycle, or some similar catalytic cycle con¬ 
cerned with the growth and respiration of cells. Although Wood and 
Workman first postulated such a reaction for the propionic acid bacte¬ 
ria, it is now apparent that the mechanism is not limited to these 
bacteria. In fact, it seems to be quite widespread, since various types 
of living systems have been shown to produce malic, fumaric, succinic, 
and probably other acids from CO 2 . For example, such a synthesis 
appears to be carried out by liver tissue [Krebs and Eggleston (1940), 
Krebs (1941), and others], plant tissues [Ruben and Kamen (1940)], 
Staphylococcus aureus [Smyth (1940)], Escherichia coliy and other bacte¬ 
ria [Elsden (1938), Wood et al. (1940-1941), Nisina, Endo, and Nakay- 
ama (1941)], Micrococcus lysoddkticus [Krampitz and Workman (1941)], 
yeast {Kleinzeller (1941)], molds [Foster et al. (1941)], and protozoa 
[van Niel et al. (1942)]. 

The synthesis of oxaloacetic acid by the foregoing mechanism, how¬ 
ever, is not the only way by which CO 2 enters into cellular metabolism. 
This fact is apparent, according to van Niel and his associates (1942), 
from a consideration of the following well-established facts: 

1. The reduction of CO 2 to formic acid by Escherichia coli [Woods 
(1936)] 

2. The participation of CO 2 in the formation of acetic acid by CZos- 
tridium acidi-urici [Barker, Ruben, and Beck (1940)] 

3. The production of methane from CO 2 in methane fermentation 
by Methanobacterium omelianskii and Methanomonas methanica 
[Barker, Ruben, and Kamen (1940)] 

4. The utilization of CO 2 in the formation of urea by animal tissues 
[Rittenberg and Waelsch (1940), Evans and Slotin (1940)] 

6 . The synthesis of all cell constituents from CO 2 as the only source 
of carbon by all obligate autotrophic and several facultative 
autotrophic bacteria, such as hydrogen-oxidizing bacteria 
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According to Werkman and Wood (1942), considerable misunder¬ 
standing has arisen concerning the relative significance of some of 
these investigations, because at least two distinct types of reactions 
are involved in the fixation of carbon dioxide in these experiments: 
(1) reduction with no creation of carbon-to-carbon linkage, and (2) cre¬ 
ation of the carbon-to-carbon linkage. In the first type CO 2 functions 
only as a hydrogen acceptor, whereas in the second reaction CO 2 is 
actually assimilated to produce a compound containing one more 
carbon atom. These two types of reactions must, therefore, be differ¬ 
entiated to prevent confusion. 

For further details on the importance of carbon dioxide in the 
metabolism of bacteria. Chapter 8 of this book, and more especially, the 
review articles by Krebs (1941), Werkman and Wood (1942), and 
van Niel, Ruben, Carson, Kamen, and Foster (1942) should be con¬ 
sulted. 

NUTRITION OF THE INDIVIDUAL GROUPS OF BACTERIA 

From the foregoing discussion it will be realized that the nutri¬ 
tional requirements of bacteria probably differ more profoundly from 
species to species than do those of any other class of organisms studied 
in biology. Although it is usually convenient for discussion purposes 
to classify the bacteria into different groups, depending upon their 
needs, it should be kept in mind that nature does not permit such a 
rigid classification. Nevertheless in Fig. 1 the bacteria have been 
allocated to twelve groups on the basis of their requirements in chem¬ 
ically defined media. Even though the groups appear to be distinct 
and quite well differentiated, there are many intermediate forms. Thus 
the bacteria should be visualized as a continuous spectrum in which 
one group blends gradually into the other. 

Only a few representative species of each group will be mentioned 
in this discussion. For more details the references, especially the 
excellent monograph by Knight (1936), should be consulted. 

Autotrophic Bacteria 

The autotrophic bacteria have already been defined as those organ¬ 
isms which are able to derive their carbon from carbon dioxide or 
carbonates and their nitrogen from ammonium ions, nitrites, or ni¬ 
trates. Since they cannot oxidize CO 2 or carbonates to secure energy 
for growth, they must obtain energy by other means. This require¬ 
ment is usually met in one of two ways: (1) by utilizing radiant energy 
from the sun to reduce CO 2 in a manner similar to that of higher plants, 
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and (2) by growing in the dark, but utilizing energy released from 
certain simple chemical reactions to assimilate carbon. Those organ¬ 
isms which assimilate CO 2 by the aid of radiant energy are usually 
called photosyntfwtic autotrophs, whereas those which reduce CO 2 by 
chemical energy are known as chemosynthetic autotrophs. 

Since all the autotrophic bacteria grow in simple mineral salt media, 
it is believed by some that they arc the most primitive of all bacteria 
and that other species with more exacting requirements have arisen 
from them as a result of altered environmental conditions. Further¬ 
more, since the autotrophic bacteria contain cellular constituents very 
similar to those found in the ordinary bacteria studied in the lab¬ 
oratory, they must possess remarkable synthesizing powers in order 
to build up protoplasm from such simple raw materials as carbon 
dioxide and ammonia. 

PHOTOSYNTHETIC AUTOTROPHS 

The photosynthetic autotrophs comprise the first group of organisms 
to be considered. Not too much is known about the nutrition of these 
organisms, but in general it is convenient to separate the group into 
three subdivisions [van Niel (1941)]: (1) the so-called green bacteria, 
(2) the sulfur purple bacteria, and (3) the nonsulfur purple bacteria. 
The main characteristics of these three subgroups may be briefly 
summarized as follows: 

Green filamentous bacteria. Occur in 
H 2 S media. Photosynthetic activity 
appears to be restricted to the reduc¬ 
tion of CO 2 . H 2 S serves as the hydro¬ 
gen donator and is oxidized only to 
free sulfur. Other sulfur compounds 
and organic substances not used as 
hydrogen donors. 

Purple to red filamentous bacteria. 
Anaerobic. Contain sulfur granules. 
Occur primarily in sulfide-containing 
media. Oxidize various inorganic sul¬ 
fur compounds to sulfate with the 
simultaneous photoreduction of CO 2 . 
Some species can use lower fatty acids, 
certain hydroxy and dibasic acids, or 
molecular hydrogen rather than H 2 S 
as hydrogen donors. 


1. Green bacteria 


2. Sulfur purple bacteria 
{Thiorhodaceae of Molish or 
Chromatioideae of Bergey) 
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Purple, red, or brown filamentous bac¬ 
teria. Contain bacteriopurpurin or 
bacteriochlorophyll but no sulfur gran¬ 
ules. Occur principally in media con¬ 
taining organic compounds. Growth 
is dependent on the presence of small 
amounts of organic materials. CO 2 
reduced at the expense of organic sub¬ 
stances, molecular hydrogen, or inor¬ 
ganic sulfur compounds. 

Ever since 1883 the so-called purple bacteria have been suspected 
of having a photochemical metabolism similar to that of green plants. 
Much confusion existed in the early literature, however, because in¬ 
vestigators used mixed cultures and because some of their observations 
led them to the viewpoint that the purple sulfur bacteria lacked photo¬ 
synthetic functions, since there was no evolution of oxygen such as 
occurs as a result of photosynthesis in the liigher green plants. Al¬ 
though a number of observations concerning these organisms have in 
the meantime been published [see reviews by van Niel (1941, 1944)], 
it has been only within the past 10 years or so that definite knowledge 
of their metabolism and nutrition has been obtained. 

Van Niel has applied the ideas of Wieland and of Kluyver and Donkcr 
on biological oxidation as a hydrogen transfer to the explanation of 
the metabolism of the purple bacteria. Since it is generally assumed 
that the first stage of photosynthesis in the higher plants is of the 
following nature: 

CO 2 + 2 H 2 O = (CH 2 O)« + H 2 O + O 2 

Van Niel considered it a typical biological oxidation-reduction reaction^ 
in which CO 2 is reduced by virtue of the fact that the hydrogen of the 
water molecules is sufficiently activated to be transferred to CO 2 . 
Now, as he further pointed out, it is conceivable that in organisms other 
than typical green plants, water may not serve as the only hydrogen 
donator but may be replaced or complemented by some other molecule. 
In other words, the foregoing equation is only one of a number of pos¬ 
sible photosynthetic reactions of the general type: 

CO 2 + 2 H 2 A = (CH 2 O) + H 2 O + 2A 
where H 2 A represents the hydrogen donator. Thus, on the basis of 

• The S 3 nnbol (CH 2 O) is used here to denote the conversion products of CO 2 . 
In the past it has frequently been written as formaldehyde or formic acid, but 
since these names may not always be accurate, it seems better to use the empirical 
expression. 


3. Nonsulfur purple bacteria 
{Athiorhodaceae of Molish or 
Rhodobacterioideae of Ber- 
gey) 
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this equation, photosynthesis leads to oxygen production only when 
the function of the hydrogen donator is fulfilled by H 2 O. 

The experimental results of van Niel and others [see van Niel (1941)] 
tend to substantiate the following hypotheses. In green plants photo¬ 
synthesis involves the photochemical splitting of water with the aid 
of chlorophyll and unknown enzyme systems: H 2 O + Radiant energy 
—► H + OH.'^ The liberated hydrogen then reduces the CO 2 in the 
atmosphere. The following simplified equations present van Niel’s 
ideas of the reduction of CO 2 to its supposed final state: 

4(H20 + hv + OH) 

Green plants 4H + CO 2 (CH 2 O) + H 2 O 

2(20H —> Peroxide —> H 2 O + O 2 ) 

Although there is no reason for assuming that the photochemical 
reaction in purple bacteria differs in principle from that in green 
plants, van Niel points out that the process with the purple bacteria 
may occur at longer wavelengths (including the infrared light up to 
9,000 m^l)f and thus the energy available to the bacteria will be less. 
This fact may make it impossible for the ‘^hydroxylated’^ system to 
become rearranged into a peroxide compound and thereby permit the 
spontaneous regeneration of oxygen and water (20H —» Peroxide 
—^ H 2 O + O 2 ). Under these circumstances the hydroxylated system 
could regenerate water only with the assistance of a reducing system, 
for example, 20H + H 2 S 2 H 2 O + S. The dependence of bacte¬ 
rial photosynthesis on the presence of suitable hydrogen donators, 
such as H 2 S, thus becomes understandable, and it explains why oxygen 
is not evolved during the process. Van Niel represents bacterial 
photosynthesis as follows: 

f4(H20 + Ar -> H + OH) 

Purple bacteria 4H + CO 2 —> (CH 2 O) + H 2 O 
2(20H + H 2 A 2 H 2 O + A) 

where hv is radiant energy and H 2 A is usually H 2 S, although organic 
hydrogen donators, such as fatty acids, or sulfur oxides or molecular 
hydrogen may serve, depending upon the bacterial species being 
studied. 

It is apparent from this brief consideration that H 2 S does not re¬ 
place H 2 O in bacterial photosynthesis but rather complements it. 

* This reaction does not imply that the water molecule is split into a hydrogen 
atom and a hydroxyl radical. The scheme represents merely the essence of the 
photochemical reaction. 
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The reduction of CO 2 is the same in both plant and bacterial photo¬ 
synthesis; that is, it is accomplished by the hydrogen which has been 
released from w’ater by the action of radiant energy in cooperation 
with plant or bacteriochlorophyll. Van Niel does not claim that the 
reduction of CO 2 jdelds only carbohydrate, as the foregoing reactions 
imply, but rather he favors the idea that the ^^final acceptor” enters 
into the system by enzymatically combining with an .organic compound 
already present. The reaction discovered by Wood and Workman in 
which a four-carbon organic acid is formed from a three-carbon com¬ 
pound and CO 2 may serve as a most interesting example of such re¬ 
actions. The actual reduction process in photosynthesis, therefore, 
may well involve substances other than CO 2 . 

As we have already stated, not too much was known about the spe¬ 
cific nutritional requirements of some of the photosynthetic bacteria 
until recently. What information we have on this subject is covered 
in some detail by van Niel (1931, 1936, 1941, 1944), Foster (1940), 
and Hutner (1944). Since these references are readily available, the 
student is referred to them for details. In brief, however, a few gen¬ 
eral statements may be made to illustrate the basic nutritional re¬ 
quirements of these bacteria. 

In 1931 van Niel was able to isolate pure cultures of the green sulfur 
bacteria by using an aqueous medium of pH 7.5 which contained the 
following ingredients: NH 4 CI, 0.1 per cent; KH2PO4, 0.05 per cent; 
MgCl 2 , 0.02 per cent; NaHCOa, 0.1 per cent; Na 2 S* 9 H 20 , 0.05 to 
0.1 per cent. After inoculation with crude material this medium was 
incubated at 25® to 30®C. in completely filled, glass-stoppered bottles 
which were exposed in front of a north window or continuously illum¬ 
inated by a 25- to 50-watt electric bulb placed at a distance of 20 to 
30 cm. To obtain pure cultures of the green bacteria, it was necessary 
to make repeated transfers as soon as a green sediment appeared in 
the bottles. This procedure was necessary because after a time (3 to 
4 weeks in a window or 4 to 5 days under continuous illumination) 
certain strains of the so-called purple bacteria also grew in this medium. 

A basal medium very similar to the one just described has also been 
used by van Niel (1944) and others for the cultivation of the sulfur 
and nonsulfur purple bacteria. The nonsulfur purple organisms de¬ 
velop best, however, when the pH is adjusted to 6.4 to 7.0, and they 
also require the presence of a small amount of organic matter, such as 
yeast extract or peptone, before they will grow. It has been assumed 
in the past that this organic matter serves as a source of growth factors 
and amino acids for these bacteria. This assumption has recently 
been verified by Hutner (1944), who has shown that at least one species 
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(Rhodospirillum rvbrum) of nonsulfur bacteria requires d-glutamic acid, 
d-arginine, cystine, and biotin for growth in a chemically defined 
medium. 

Like some of the so-called heterotrophic bacteria, the nonsulfur 
purple bacteria can, after primary isolation, carry out a typically 
oxidative metabolism. A number of simple organic substances, such 
as alcohols, fatty acids, and hydroxy and dibasic acids, can be utilized 
as a substrate, providing oxygen, methylene blue, or nitrate is present 
to serve as a hydrogen acceptor. Thus the nonsulfur bacteria are 
physiologically related, on the one hand, to the green and purple 
sulfur bacteria by virtue of their photosynthetic metabolism and, on 
the other hand, to the various types of nonphotosynthetic organisms 
with a typically oxidative metabolism. 

Already it can be seen that it is impossible to adhere too closely 
to a rigid allocation of bacteria to the various groups shown in the 
nutritional spectrum (Fig. 1). 

CHEMOSYNTHETIC AUTOTROPHS 

In general, the chemosynthetic autotrophs are able to use carbon 
as CO 2 or carbonates and to assimilate nitrogen from some inorganic 
source, such as ammonium salts, nitrites, or nitrates. Some species, 
however, are facultative in nature because they can assimilate more 
complex carbon and nitrogen compounds. Since these organisms 
cannot oxidize CO 2 and since they lack bacteriochlorophyll (the energy 
transformer of the photosynthetic autotrophs), they derive their en¬ 
ergy for the reduction of CO 2 in the assimilation process from some 
characteristic oxidation of an inorganic compound, such as ammonia, 
nitrite, nitrate, sulfur compounds, or ferrous and manganous salts. 

It can thus be seen that the chemosynthetic autotrophs are fairly 
distinct from the photosynthetic autotrophs, since they lack bacterio¬ 
chlorophyll, and also from the true heterotrophs, which cannot live 
in such simple substrates but require more complex carbon compounds 
as a source of energy for the assimilation process. It should be pointed 
out, however, that these groups are not as distinct and unrelated as 
might be supposed but instead are connected by intermediate physio¬ 
logical types. Also, since every organism displays the faculty of 
chemical synthesis, the term chemosynthetic is not restricted to this 
group alone. It is only for our convenience that these distinctions are 
made. 

In Table 3 have been listed several of the better-known chemosyn¬ 
thetic autotrophs. The different groups wdll now be briefly discussed. 
For additional information the book by Waksman (1927) and the ex¬ 
cellent review by van Niel (1943) should be consulted. 
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Methane and other hydrocarbon bacteria 
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The Nitrifying Bacteria. Although Pasteur in 1862 believed that 
microorganisms were responsible for the oxidation of ammonia to 
nitrates in the soil, it was not until 1877 that Schloesing and Muntz 
demonstrated quite conclusively the biological origin of the nitrifica¬ 
tion process. Many of the important factors governing nitrification 
were worked out by Schloesing and Muntz from 1877 to 1879 and by 
Warington from 1879 to 1888, but these workers were unable to obtain 
pure cultures of the organisms responsible for the process. However, 
in 1890 Winogradsky was able to isolate pure cultures of the organisms 
by plating soil samples on a silica gel medium which contained no 
organic matter. Workers previous to this time had failed to realize 
that organic matter was toxic or inhibitory to the growth of these 
organisms and had consequently taken no precautions to exclude it 
from the media they employed. 

The task of obtaining pure cultures of the nitrifying bacteria has 
presented difficulties to many workers ever since the early work of 
Winogradsky. This problem has been studied again in some detail 
by Winogradsky and Winogradsky (1933), Boltjes (1935), Hanks and 
Weintraub (1936), Engel and Skallau (1937), and Bomeke (1939). 
These reports should be studied by anyone who attempts to isolate 
such organisms. 

During the years 1890 to 1892 Winogradsky showed that the nitrifi¬ 
cation process actually took place in two steps: the oxidation of 

ammonia to nitrite: 

NH 4 + + 1^0 -> NOs”- + H 2 O + 2H+ 
or 

(NH4)2C03 + 3O2 -> 2HNO2 + CO2 + 3H2O 

and then ( 2 ) the oxidation of nitrite to nitrate: 

N02“- + ^i02 NO3” 

2 HNO 2 + O 2 -> 2 HNO 3 

Two different groups of organisms were shown to be responsible for 
the first step. One group consisted of motile rods to which Wino¬ 
gradsky assigned the generic name, Nitrosomonas; the other was a 
large, spherical organism to which he gave the name Nitrosococcus 
nitrosus. The second reaction was found to be due to a group of short, 
nonmotile bacilli to which the generic name Nitrobacter was given. 
More recently Winogradsky and Winogradsky (1933) and H. Wino¬ 
gradsky (1935) have shown that other organisms also are capable of 
performing these two reactions. As a result they have named several 
new genera and species. 
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The nitrifying bacteria, in common with many other autotrophic 
organisms, display a strict specificity towards the material which they 
oxidize. For example, not only are the Nitrobacter species inactive 
toward ammonia and Nitrosomonas inactive toward nitrite, but neither 
is able to utilize sulfite or phosphite or any carbon compound as a 
source of energy. The mechanism by which the energy derived from 
the oxidation of ammonia or nitrite is employed in the reduction of 
CO 2 is unknown. Some workers have maintained that formaldehyde 
is an intermediate in the reduction process, whereas others have sug¬ 
gested that hydroxylamine and hyponitrous acid may be intermediate 
products. However, as yet there are no sound experimental data to 
support these views. 

Although little information is available concerning the mechanism 
involved in the nitrification proems or concerning the fundamental 
nutritional requirements of the nitrifying bacteria, several factors are 
known which influence the activities of the organisms. The four most 
important will be mentioned. 

1. Effect of Concentration of Substrate. For the maximum 
rate of nitrification Meyerhof (1916) found that the optimum concen¬ 
tration of ammonia for Nitrosomonas was approximately 0.005 M, and 
of nitrite for Nitrobacter about 0.015 ilf. When concentrations above 
or below these values were used, the rate of the processes decreased 
very rapidly. 

2. Effect of pH. Most species of nitrifying bacteria have a rather 
narrow pH range through which the rate of oxidation is at a maximum. 
Meyerhof (1916) observed, for example, that the optimum pH for the 
oxidation of ammonia lies between 8.5 and 8.8 and that for nitrite 
oxidation between 8.4 and 9.3. These high optimum pH figuras, 
however, do not apply to all strains, because Meek and Lipman (1922) 
have found that nitrifying bacteria are active in acid peat soils of 
pH 4.6 or below. Also Winogradsky and Winogradsky (1933) have 
observed that nitrification may take place between a pH of 6.0 and 
9.2, depending upon the species involved. 

3. Effect op Inorganic Ions. Several early workers demon¬ 
strated that carbonates of calcium or magnesium favored the rate of 
nitrification. Likewise, Boltjes (1935) foimd that calcium (CaCl 2 or 
CaCOa) plays a very important function in the activities of Nitrch 
aomonas species; in fact, he found that a concentration of at least 
0.000026 M was required for optimum nitrification, although the proc¬ 
ess proceeded slowly even without added calcium. 

4. Effect of Organic Matter. It has been known for a long time 
that, when the nitrifying organisms {Nitrosomonas and Nitrobacter 
species) are cultured in artificial inorganic media, they are paralyzed 
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by the addition of very minute quantities of organic matter. This 
point may be illustrated with figures compiled by Meyerhof (1916) 
on the effect of glucose, urea, and asparagine on the growth and rate 
of nitrite oxidation by a Nitrobacter species (Table 4). Similar results 

TABLE 4 

Effect of Certain Organic Compounds on the Growth and Rate 
OF Nitrite Oxidation by Nitrobacter 

[From Meyerhof (1916)] 



Concen¬ 

Effect on 

Concen¬ 

Effect on 

Compound 

tration 

Growth 

tration 

Oxidation 

Glucose 

0.0025 M 

Delayed 

0.3 M 

No effect 


0.015 M 

Prevented 

0.6 M 

0.8 M 

10% inhibition 
25-30% inhibition 

Urea 

0.15 M 

Delayed 

0.15 M 

No effect 


0.30 M 

Prevented 

0.50 M 

30% inhibition 

Asparagine 

0.15 M 

Delayed 

0.15 M 

10-20% inhibition 


0.30 M 

Prevented 

0.80 M 

25-30% inhibition 


have been reported by other workers with a variety of compounds. 
On the other hand, nitrification in nature, especially in soil and sew¬ 
age, proceeds in the presence of fairly large quantities of organic mat¬ 
ter. Pandalai (1936) believes that this incompatibility of behavior 
of the nitrifying organisms in artificial cultures and in their natural 
environments may be explained as due to one or more of the following 
causes: (1) the nitrifying bacteria function in association with the 
saprophytes of the soil; (2) there are in soil several strains of organism 
other than the classical nitrifiers which can tolerate fairly large quan¬ 
tities of organic matter and still nitrify ammonia; and (3) all nitrifiers 
are heterotrophic at some stage in their life. After conducting personal 
researches on nitrification in the presence of organic matter, Pandalai 
found that, although organic matter tended to depress nitrification 
when Nitrosomonas was present by itself, the adverse effect was com¬ 
pletely removed in the presence of other organisms, such as Azotohacter 
or Bacillus mycoides; in fact, nitrification was usually increased in the 
presence of such organisms. These observations tend to support the 
first of the causes just listed; they show that, by utilizing the interfer¬ 
ing organic matter in some way, the associated saprophytes assist 
Nitrosomonas in its function. Boltjes (1935) also studied the effects 
of organic compormds on the growth and respiration of nitrifying bacte¬ 
ria. Most of the organic materials which he studied were toxic, except 
the salts of certain fatty acids, which were nontoxic at low concentrar 
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tions, and ^^NahrstofT-Heyden'' (an incomplete acid-digest of egg 
albumin), which stimulated the growth of both types of nitrifiers when 
added to an inorganic medium. As a result of these studies we can 
state that the inhibitory effect of organic matter on the nitrifying 
bacteria is not general. Some compounds are decidedly toxic, some 
are inhibitory only at a given concentration, and others appear to 
stimulate growth but are not essential. For further reading on the 
nitrifying bacteria the general review by Bomeke (1939) should be 
consulted. 

The Sulfur Bacteria. The so-called sulfur bacteria are a very 
heterogeneous group of organisms which are widely distributed in 
nature. Not all of them are strictly autotrophic in nature, as can be 
seen in Table 3. They include a variety of morphological types which 
may be aerobic or anaerobic, and they vary profoundly in their bio¬ 
chemical activities. 

If we were to list here all the organisms which are capable of effect¬ 
ing a change in sulfur or its compounds, this discussion would become 
extremely involved. Therefore the photosynthcsizing sulfur bacteria 
and the organisms which break down proteins with the liberation of 
hydrogen sulfide will not be included in this brief discussion. Only 
those specialized organisms in whose metabolism sulfur plays an essen¬ 
tial and leading part will be mentioned here. They include micro¬ 
organisms whose metabolism results in the formation of either (a) oxi¬ 
dation products of sulfur and sulfur compounds, or (b) reduction prod¬ 
ucts of sulfur and sulfur compounds. Most of the organisms which 
can be allocated to the first group are obligate or facultative auto¬ 
trophs and therefore fit into the nutrition spectrum under the heading 
of chemosynthetic autotrophs. Probably none of the second group is 
autotrophic, but they will be mentioned here to complete the discussion 
of the sulfur bacteria. 

a. Microorganisms Whose Metabolism Results in the Forma¬ 
tion OF Oxidation Products op Sulfur and Sulfur Compounds. 
The organisms which are usually placed in this group cover a wide 
range of morphological types and vary profoundly in their biochemical 
activities. For convenience they may be divided into the following 
three classes: (1) bacteria which oxidize hydrogen sulfide and deposit 
elementary sulfur inside their cells; (2) bacteria which oxidize not only 
hydrogen sulfide but also thiosulfate and tetrathionate and in many 
cases deposit sulfur outside their cells; (3) bacteria which oxidize ele¬ 
mentary sulfur and thiosulfate directly to sulfate. Some of the out¬ 
standing features of several of the organisms in these three classes 
will now be mentioned. 
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I. Bacteria Which Oxidire H 2 S and Deposit Elementary Sulfur Inside 
Their Cells {Beggiatoa, Thiothrixy and Thioploca). From a biochemical 
standpoint this group includes the purple sulfur bacteria as well as a 
number of colorless forms. However, since the purple sulfur bacteria 
are photasynthetic, it is usually more convenient to group them sep¬ 
arately, and they have already been considered. 

The recorded observations of the colorless sulfur bacteria appear to 
date back in one instance as far as 1817 [see Bunker (1936)], but little 
was actually known about them until Cramer showed in 1870 that the 
granules in their cells were elementary sulfur and could be extracted 
with carbon disulfide. There is no point in cataloging here the various 
species of this group of the sulfur bacteria. Their morphology has 
been studied in some detail by Ellis (1932), and Bergey^s Manual 
(1939) differentiates the three most important genera ® as follows: 

I. Filamentous, nonmotile, with a contrast to base and tip, at¬ 
tached. 

Thiothrix (Type species: Thiothrix nivea). 

II. Filamentous, motile (oscillating), not attached, no differentiation 
into base and tip. 

A. Filaments not in bundles nor surrounded by a gelatinous 
sheath. 

Bcggiaioa (Type species: Beggiatoa alba), 

B. Filaments in bundles, surrounded by a gelatinous sheath. 

Thioploca (Type species: Thioploca schmidlee). 

The first and the outstanding contribution to the study of the 
physiology of these organisms Avas made by Winogradsky from 1887 
to 1888. W'orking with Beggiatoa, he showed that, when the organism 
was cultivated in the presence of hydrogen sulfide and air, granules 
of sulfur were deposited within the cells but that, when the supply of 
H 2 S was removed, the sulfur granules disappeared and sulfates appeared 
in the culture medium. Furthermore, when all the intracellular sulfur 
disappeared, the organisms died. Although Winogradsky showed that 
carbon dioxide was essential for the growth of the organisms and that 
they develop best in the presence of a minimum supply of organic 
matter, he could not prove that the organisms were completely auto¬ 
trophic because his cultures were not pure. 

Keil (1912), however, obtained pure cultures of Beggiatoa and Thio¬ 
thrix and showed that his strains would grow in the complete absence 
of organic carbon. The composition of the simplest inorganic medium 

® Kolkwitz (1938) names a new genus {Thionema) which is closely related to 
Thiothrix and oxidizes H 2 S to S. 
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employed by Keil was based on an analysis of sulfur spring water and 
contained ammonium salts as a source of nitrogen, carbonate as a 
source of carbon, and several mineral constituents, including phosphate, 
which was found to be essential. In this basal medium optimum growth 
occurred in an atmosphere containing H 2 S and O 2 at 0.8 mm. and 
15 mm. pressure, respectively. Peptone, asparagine, leucine, and ni¬ 
trate were not used as a sole source of nitrogen. Later Cataldi (1940) 
isolated pure cultures of Beggiatoa alba. Since the organism can be 
grown on several organic media but not in an absolutely mineral 
medium, there is some question as to whether this particular species 
is an obligate autotroph. 

It is assumed by most workers that the energy requirements of these 
sulfur organisms are met by the oxidation, or dehydrogenation, of 
hydrogen sulfide, thus: 

H 2 S -t- i02 H 2 O + S 
or 

H2S + H2CO3 HCOOH + S + H2O 

It has also been stated that these organisms can oxidize as much as 
four times their weight of H 2 S every 24 hours and that from 8 to 
19 g. of sulfur are consumed for every gram of carbon assimilated. 

When the H 2 S is withdrawn from the medium, the elementary sulfur 
granules are thought to be transformed directly to sulfate, thus: 

S + IIO2 + H2O -> H2SO4 

Under experimental conditions, however, the medium does not become 
acid; this phenomenon is believed to be due to the neutralization 
effected by carbonates present in the medium. 

Bacteria Which Oxidize Not Only H 2 S but also Thiosulfate and 
Tetrathionate and in Many Cases Deposit Sulfur outside Their Cells 
(Thiobacillus thioparus, Thiobacillus novellus, Thiobacillus denitrificans). 
Although the organisms of this group of sulfur bacteria differ in many 
ways from the group just discussed, it is usually convenient to differ¬ 
entiate them on the basis that they deposit sulfur outside their cells. 
However, it should be mentioned that this characteristic may not al- 
wa 3 '’s be constant, because on several occasions workers have observed 
sulfur both inside and outside the cells. Morphologically the members 
of this group are true bacteria; that is, they are not filamentous or 
thread-like and they contain no photosynthetic pigment. They may 
be either aerobic or anaerobic, and some are obligate autotrophs 
whereas others are facultative autotrophs. 

The best-known bacterium of this group is Thiobacillus thioparus, 
which was first isolated by Nathansohn from sea water about 1902 
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but was named later by Beijerinck (1904), who demonstrated its pres¬ 
ence in water, soil, and canal mud. It is an aerobic obligatory auto¬ 
troph, and it grows at or near a neutral reaction, a feature distinguish¬ 
ing it sharply from Thiobacillus thiooxidans, which will be considered 
later. The organism can apparently obtain its energy by oxidizing 
sulfur, sulfide, thiosulfate, and tetrathionate. Beijerinck suggested 
that tetrathionate is oxidized in accordance with the following reaction: 

Na2S406 + Na2C03 ^©2 —> 2Na2S04 -f- CO 2 “f* 2S 

but the results of Starkey (1934) indicate that thiosulfate is oxidized 
with the formation of sulfate and elementary sulfur in the proportion 
of 60 per cent and 40 per cent, respectively, from 100 parts of thio¬ 
sulfate. The following medium was found to be suitable for studies of 
thiosulfate decomposition: 


K 2 HP 04 

2 g. 

FeCls-GHsO 

0.02 

g 

MgS04-7H20 

0.1 g. 

(NH4)2S04 

0.1 

g 

CaCb 

0.1 g. 

NajSsOs-SHjO 

10 

g- 

MnS 04 - 2 H 20 

0.02 g. 

Tap water 

1,000 

g- 


The reaction proposed by Starkey to account for the oxidation was: 

5Na2S203 + H 2 O + 4 O 2 5Na2S04 + H 2 SO 4 + 4S 

The organism assimilates about 1 g. of carbon from HC 03 “ for every 
125 g. of thiosulfate suKur oxidized, and about 4.8 per cent of the energy 
released is used for the synthesis of cellular material. 

Another organism (Thiobacilliis novellus), which closely resembles 
Thiobacillus thioparus in many features, has been described by Starkey 
(1934, 1935). The organism is only a facultative autotroph, because 
it will develop on various organic media with no thiosulfate, as well 
as on mineral media containing thiosulfate. Its optimum pH for growth 
is between 7.8 and 9.0, and it cannot tolerate an acidity below pH 5.5 
to 5.0, a feature which differentiates it from Thiobacillus ihiooxidcLns. 
It oxidizes thiosulfate to sulfate, with no precipitation of elementary 
sulfur and without the accumulation of any other sulfur compound: 

Na2S203 “1- H2O + 2O2 —► Na2S04 + H2SO4 

According to Starkey, more energy is liberated per unit of thiosulfate 
oxidized by Thiobacillus novellus than by Thiobacillus thioparus; con¬ 
sequently the ratio of thiosulfate oxidized to carbon assimilated is less, 
namely, 48 to 1 instead of 126 to 1. This fact means that approximately 
5.7 per cent of the available energy is used for cellular synthesis. 
Closely related to Thiobacillus novellus is Thiobacillus coproliticus, a 
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new species discovered by Lipman and McLees (1940) in coprolite 
from Triassic in Arizona. 

The fourth organism to be considered in this group is the anaerobic 
bacterium, Thiobacillus denitrijicans, first isolated by Beijerinck in 
1904 but studied in more detail by Lieske (1912) and later by Beijerinck 
(1920). It is a strict autotroph, since it will not grow on organic media. 
The organism supposedly obtains its energy for the assimilation of 
CO 2 from carbonate or bicarbonate by oxidizing sulfur, hydrogen 
sulfide, thiosulfate, or tetrathionate to sulfate and at the same time 
reducing (denitrifying) nitrates in the medium. It has been stated 
that free CO 2 cannot be utilized by this organism because its use leads 
to the accumulation of free sulfuric acid, and that the organism is 
intolerant of low pH values. The energy reaction with elementary 
sulfur may be illustrated by the following equations: 

6S + 6KNO3 + 2CaC03 3K2SO4 + 2CaS04 + 2CO2 + SNa 

or 

6S + 6KNO3 + 2H2O K2SO4 + 4KHSO4 + 3N2 

However, since it has been found by several workers that the quanti¬ 
tative yield of sulfate is only about one-half of what would have been 
expected from the amoimt of nitrate reduced, it seems that the denitri¬ 
fication cannot entirely account for the oxidation of the elementary 
sulfur. Lieske (1912) observed that Thiobacillus denitrificans oxidized 
thiosulfate in accordance with the following equation: 

5 Na 2 S 203 + 8 KNO 3 + 2 NaHC 03 

6 Na 2 S 04 + 4K2SO4 + 4N2 + 2CO2 + H2O 

but, since he detected the presence of ephemeral intermediate com¬ 
pounds, it is doubtful if the reaction proceeds directly to sulfate; free 
nitrogen, however, is evolved. Furthermore, it was found that the 
organism fixed 1 g. of carbon for every 100 g. of thiosulfate decomposed, 
an indication of a free energy efficiency of about 8.7 per cent. This 
figure is somewhat higher than the corresponding values for the other 
Thiobacillus species thus far studied. 

A number of other autotrophic and heterotrophic organisms are 
known which can oxidize thiosulfate to sulfate. Since their functions 
have been discussed in some detail by Bunker (1936), we shall say 
only that all these sulfur-oxidizing bacteria play important roles in 
the transformation of sulfur in the soil. 

S. Bacteria Which Oxidize Elementary Sulfur and Thiosulfate Directly 
to Sulfaie (Thiobacillus thiooxidans). The third group of sulfur-oxidiz¬ 
ing bacteria which may be mentioned briefly is the one which oxidizes 
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elementary sulfur or thiosulfate directly to sulfate. This group is 
restricted in that only one well-described species, ThiobaciUus thiooxi- 
dans, is known. This organism was first described by Waksman and 
Joffe (1922), who isolated it from soils containing free sulfur and rock 
phosphate. Its physiological behavior has since been studied in some 
detail by Starkey (1935, 1937), Vogler and Umbreit (1941, 1942), 
Umbreit, Vogel, and Vogler (1942), and Vogler (1942). 

ThiobaciUus thiooxidans is an interesting organism, especially since 
its optimum pH for growth lies between 3 and 4 but it can survive a 
concentration of acid, which it produces, equivalent to a pH value 
between 0.2 and 0.6 (this acid corresponds to a solution of approx¬ 
imately 5 to 10 per cent H2SO4). The organism is a strict aerobic, 
obligate autotroph, since it is able to grow in the following mineral 
medium and to utilize CO 2 in the gas phase as a source of carbon and 
(NH 4 ) 2 S 04 as a source of nitrogen: 

(NH4)2S04 0.2 g. 

MgS04*7H20 0.1-0.5 g. 

FeS 04 0.01 g. 

CaCb 0.25 g. 

The response of the organism to organic substances is also of inter¬ 
est; even though it is a strict autotroph, the presence of substances 
such as glucose, mannitol, and glycerol increases the rate of sulfur 
oxidation, and they must therefore be utilized in some manner. Ni¬ 
trates are injurious, only small concentrations of nitrites are tolerated, 
and peptones are distinctly deleterious; in fact, ammonium salts are 
the only satisfactory source of nitrogen for the organism. Phosphate 
ions are indispensable for growth. 

It has been generally assumed in the past that the organism acquires 
all its energy by oxidizing sulfur or thiosulfate directly to sulfate, thus: 

S + IIO2 + H2O -> H2SO4 
or 

2S + 3 O 2 + 2 H 2 O 2 H 2 SO 4 
or 

Na2S203 -f- 2O2 “t“ H2O — > Na2S04 H2SO4 

A recent study by Vogler (1942), however, shows that there exists in 
the organism a measurable oxygen uptake in the absence of the specific 
nutrient (sulfur). This respiration has been shown to be due to the 
utilization of organic material which has been previously synthesized 
by the chemosynthetic process. Therefore, ThiobaciUus thiooxidans 
must also possess an endogenous respiration which involves the utiliza¬ 
tion of previously synthesized organic materials. 


KH 2 PO 4 3-5 g. 

Powdered sulfur 10 g. 
Water 1,000 ml 



652 


BACTERIAL NUTRITION 


Since it is probable that a cell can derive energy from oxidations 
carried on only within its boundaries, one of the most interesting 
physiological problems in connection with the sulfur-oxidizing bacteria 
is the nature of the mechanism by which insoluble elementary sulfur 
outside the cell is rendered soluble and then taken into the cell, where 
it undergoes oxidation. In the past several hypotheses have been 
advanced to explain this mechanism in connection with Thiobacillus 
thiooxidans, but there have been few experimental data on the subject. 
Recently, however, Vogler and Umbreit (1941, 1942) and Umbreit, 
Vogel, and Vogler (1942) showed that the cells of Thiobacillus thiooxi-- 
dans must be in direct contact with the sulfur particles before the 
oxidation can take place. This phenomenon was thought to be due 
to one of at least two possibilities: either sulfur was oxidized at the 
surface of the cell, or sulfur was dissolved in some component of the 
cell wall. Upon further investigation the same workers were able to 
show that Thiobojcillus thiooxidans oxidizes insoluble sulfur by first 
dissolving it in a fat globule located at the ends of the cell, after which 
the sulfur is taken into the cell for oxidation. The actual sulfur- 
oxidation process (energy input) within the cell appears to be coupled 
with phosphate esterification, whereas the C02-fixation process (en¬ 
ergy utilization) is connected with phosphate release [Vogler and 
Umbreit (1942)]. 

b. Microorganisms Whose Metabolism Results in the Reduc¬ 
tion OP Sulfur Compounds {Vibrio desulfuricansy etc.). It has 
been known for a long time that microorganisms can reduce various 
inorganic sulfur-containing compounds to hydrogen sulfide; in fact, 
as early as 1889 it was reported that certain bacteria reduce thio¬ 
sulfate to H 2 S, and later Neuberg and Welde (1914) found that various 
yeasts reduce thiosulfate in accordance with the following reaction: 

Na2S203 -f- II2 —II2S -f“ Na2S03 

The first important studies of the sulfate-reducing bacteria were 
carried out by the Dutch microbiologists Beijerinck (1895), van Delden 
(1903), and Elion (1924). The organisms {Vibrio ® desulfuricans, Vibrio 
estuariij and Vibrio therTnodesulfuricaris) which they isolated and 
described are anaerobic, motile, curved rods containing no spores. 
However, in a more recent study by Starkey (1938) strains were isolated 
which form spores. 

All these workers found that the organisms were capable of growing 
in a medium containing sulfate, asparagine, lactate, or other organic 

* These organisms have also been allocated to the genera SpiriUum and Micra 
apira by various workers. 
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carbon substances and various inorganic salts. 

The composition of 

the substrate employed by Starkey ( 1938 ) was as follows: 


KjHPO. 

0.6 g. 


NH4CI 

1 g. 


MgSO.-THjO 

2 g. 


CaS 04 - 2 H *0 

or 

1 Na2S04 

1 g. 


1 g- 


tCaCl2-2H20 

0.1 g. 


CHsCHOHCOONa 

3.5 g. 


Mohr’s salt (ferrous ammonium sulfate) 

Trace 


H2O (tap) 

1,000 ml. 



This medium had a pH of 7.0. The iron salt which served as an indi¬ 
cator of sulfide formation was not incorporated in the solution medium; 
a small crystal was sterilized in a flame and added to each culture 
flask before inoculation. The reduction of sulfate was found to be 
accompanied by a concurrent oxidation of the organic compound 
present in the medium: 

2C3H603Na + 3MgS04 

SMgCOg + NagCOs + 2CO2 + 2H2O + 3H2S 
or 

3 CaS 04 + 2C2H5OH ^ 3 CaC 03 + 3H2S + CO2 + 3H2O 

Quantitative proof for these general reactions has been presented by 
Baars (1930) in his comprehensive study of sulfate-reducing bacteria. 
Although much of Baars^s investigation was concerned with the ability 
of numerous organic compounds to act as hydrogen donators in the 
sulfate reduction, he showed that Vibrio estuarii was capable of produc¬ 
ing a much higher maximum yield of H 2 S per liter than the other 
species, for example: 

Vibrio thermodesvljuricana 566 mg. 

Vibrio desulfuricans 794 mg. 

Vibrio estuarii 1,448 mg. 

Furthermore Baars postulated that the reduction of sulfate took 
place in several steps: 

Sulfate (H2SO4) + 2H ^ H4SO4 

-HjO 

Sulfurous acid (H2SO3) + 2 H —> H4SO3 - > 

Sulfoxylic acid (H2SO2) + 2H —» H4SO2 

-HjO 

Sulfur hydrate (H2SO) + 2H —> H4SO - > 

Hydrogen sulfide (H2S) 



654 


BACTERIAL NUTRITION 


with the hydrogen for the reduction coming from a variety of organic 
compounds, such as acids, sugars, and alcohols. 

Another interesting point in connection with the reduction of sulfates 
by the sulfur-reducing bacteria has been raised by the studies of 
Stephenson and Stickland (1931). These investigators found that 
certain sulfate-reducing organisms contain an enzyme, hydrogenase, 
which activates molecular hydrogen and renders them capable of 
reducing sulfate quantitatively to sulfide by means of molecular 
hydrogen, thus: 

H2SO4 + 4H2 H2S + 4H2O 

Sulfite and thiosulfate were found to be similarly reduced. 

Ever since the sulfate-reducing bacteria were first isolated from 
canal mud and soil by Beijerinck in 1895, they have been repeatedly 
recovered by numerous workers [see Bunker (1936) and Starkey (1938)] 
from these habitats and also found in ocean mud, bottom (800 fathoms 
deep) deposits of the Black Sea, sewage, brine of oil wells varying in 
depth from 450 to 3,090 ft., and water at the bottom of gasoline storage 
tanks. The black color of muds and clay caused by the precipitation 
of iron sulfide, the deposition of chalk in tropical seas [Bavendamm 
(1932)], the corrosion of iron conduits under anaerobic conditions in 
grounds containing considerable amounts of sulfate, the corrosion of 
concrete, and the periodic destruction of large numbers of fish in the 
waters off the South African coast have all been attributed to the 
activities of these organisms. It is even possible that some deposits 
of mineral sulfides have been formed through the activity of the sulfate- 
reducing bacteria [Bastin (1926)]. 

At this point mention should be made of the biological oxidation of 
ammonium thiocyanate by Bacterium thiocyanoxidans. This organism 
is a slender. Gram-negative, motile bacillus, growing best at 22°C. 
on nutrient agar, where it produces a water-soluble, canary-yellow 
pigment. Practically nothing is known about the nutrition of this 
organism, except that it is a heterotroph. In the absence of organic 
matter, however, it can, through an adaptive enzyme, attack am¬ 
monium thiocyanate as a sole carbon and nitrogen source. The energy 
reaction is thought to be as follows: 

NH4CNS + 2H2O + 2O2 (NH 4 ) 2 S 04 + CO2 

Bacterium thiocyanoxidans is an interesting organism, because we usu¬ 
ally assume that the CNS ion is one of the more toxic anions for bacte¬ 
ria. This organism, however, can actually oxidize it to obtain energy 
for growth. 
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The Iron Bacteria. The so-called iron bacteria consist largely 
of a group of filamentous or thread-like organisms whose morphology 
closely resembles a spiral ribbon or a twisted hairpin. They grow best 
at low temperatures (0° to 20®C.), and they are normally found in 
cool springs and brooks, especially those rich in iron salts. Bergey^s 
Manual (1939) characterizes the four most important genera of iron 
bacteria (Chlamydobacteriales) as follows: 

I. Bacteria showing typical false branching. 

A. Sheaths entirely organic, not impregnated with iron. 

Spherotilus (Type species: Spherotilus nantans). 

B. Sheaths impregnated with iron. 

Clonothrix (Type species: Clonothrix fusca). 

II. Bacteria unbranched or showing true branching. 

A. Cells of the filaments divide transversely. 

Leptothrix (Type species: Leptothrix ochracea). 

B. Cells of the filaments divide in three planes. 

Crenothrix (Type species: Crenoihrix polyspora). 

Closely related physiologically to these forms are the nonfilamentous 
stalk bacteria of the genus GalUonella (Type species: Gallionella ferrvr 
ginea)y first described by Ehrenberg in 1838 and studied more recently 
by Cholodny (1926) and Henrici and Johnson (1935). The organisms 
of this genus are kidney-shaped bacteria, 1.2 to 1.5 ^ in length and 0.5 
to 0.6 M in thickness, which secrete colloidal ferric hydroxide from the 
concave portion of the cell, foiming band-like stalks. They are not 
filamentous or ensheathed. Thus, according to Cholodny, early work¬ 
ers were wrong about the morphology of Gallionella ferruginea because 
they observed only the inert ferric hydroxide stalk and based their 
conclusions entirely on it. 

The morphological and physiological characteristics and the geo¬ 
logical significance of the iron bacteria have been extensively studied 
by Winogradsky (1888), Ellis (1907), Molisch (1910), Lieske (1911), 
Harder (1919), Cholodny (1926), Starkey and Halvorson (1927), Nau- 
mann (1928, 1929), Halvorson (1931), Beger (1935), Schorr (1939), 
Cataldi (1939), and others. These references should be consulted for 
further details. 

The literature on the iron bacteria is full of many conflicting hypoth¬ 
eses, particularly concerning the physiology of the organisms. For 
instance, some early workers, especially Winogradsky, have main¬ 
tained that all the so-called iron bacteria are obligate autotrophs whose 
developmcQt depends on the assimilation of carbon dioxide by means 
of the energy liberated from the oxidation of ferrous to ferric iron and, 
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furthermore, that the insoluble ferric material formed by the oxidation 
is deposited in the sheaths of the organisms. Certain other early in¬ 
vestigators, especially Molisch, have believed that the organisms are 
not strictly autotrophic because they can be cultivated on peptone 
media with or without iron. Ellis and Molisch have concluded that 
iron plays no essential part in the metabolism of the iron bacteria but 
that its presence in the sheaths of the organisms is due to physical 
adsorption or to positive chemotaxis. Still others, particularly Lieske, 
have believed that the organisms are probably autotrophic and that 
in certain species the iron can be replaced by manganese, but in other 
species iron is specific and cannot be replaced by other metallic ions, 
such as those of manganese, lead, bismuth, cadmium, copper, zinc, or 
magnesium. It is difficult to reconcile these various opinions. Certain 
of the discrepancies can probably be explained by the fact that different 
species were worked with and different conditions prevailed, but others 
seem to be due to faulty observations with impure cultures. For 
example, in 1910 Molisch worked with Leptothrix and found that it 
needed organic matter but did not require iron in solution. Lieske 
(1911), on the other hand, did much of his work with Gallionella 
(Spirophyllum) and observed that it required ferrous carbonate in 
solution but that it could live in the absence of organic matter. Here 
are two different organisms that clearly show entirely different char¬ 
acteristics. Such an explanation, however, does not apply to the dis¬ 
crepancies between the observations of Molisch and Winogradsky. 
Both these investigators were working with Leptothrix, but their 
findings concerning the need for iron and organic matter differed 
radically. 

After surveying the literature and carrying out extensive researches 
of his own. Harder (1919) concluded that the iron bacteria can be 
placed in three physiological groups: 

1. Those, such as Gallionella ferruginea, that precipitate ferric hy¬ 
droxide from solutions of ferrous carbonate and use the CO 2 lib¬ 
erated and the energy produced by the oxidation of the iron for 
their life processes (obligate autotrophs). 

2. Those, such as Leptothrix ochracea, that do not require iron 
compounds for growth but, if these compounds (or other ions 
such as manganese) are present, cause the deposition of insoluble 
salts in their sheath (facultative autotrophs). 

3. Those, such as certain lower bacteria (sulfate-reducing, hydrogen 
sulfide-forming), that attack specified soluble organic iron salts, 
using the organic radical as food and precipitating ferric hydroxide 
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or basic ferric salts which are gradually changed to ferric hydrox¬ 
ide, but that cannot utilize any inorganic iron salts or CO 2 
(heterotrophs). 

Naumann (1928, 1929) has also classified the iron bacteria on a 
physiological basis. He prefers to limit the term iron bacteria to those 
organisms which oxidize ferrous compounds and show chemosynthetic 
nutrition. 

Lieske (1911), Naumann (1929), and others offer the following equa¬ 
tions to indicate the reactions which probably take place during the 
process of oxidation by the iron bacteria (GalUonella ferricginea): 

2FeC03 + 3H2O + ^©2 Fe 2 ( 0 H )6 + 2CO2 

or 

4 FeC 03 + 6 H 2 O + 02 -^ 4 Fe(OH )3 + 4 CO 2 

The iron bacteria sometimes grow in the pipes of certain public 
water supplies rich in iron salts, where they form brownish-red, floccu- 
lent masses which often lead to a complete stoppage of the pipes 
[Beger (1937, 1938)]. Many persons [see Harder (1919)] believe that 
these bacteria have played an important part also in the formation of 
natural iron ore deposits. However, as Starkey and Halvorson (1927) 
have pointed out, so many agencies are active in the precipitation of 
iron that biologically it appears to be of little significance unless the 
reactions responsible for the change are understood. Halvorson (1931) 
believes that the importance of the true iron bacteria has been over¬ 
emphasized, whereas the importance of the heterotrophic bacteria in 
the transformations of iron in nature has not been fully appreciated. 

The Hydrogen Bacteria. Another interesting group of bacteria 
which are usually classified as autotrophs obtains its energy for growth 
by oxidizing molecular hydrogen to water. Like some of the other 
bacteria which we have already mentioned, however, these organisms 
are probably facultative autotrophs and thus are intermediate between 
the obligate autotrophs and the true heterotrophs. These bacteria 
occur in canal mud, swamps, and soils where large amounts of hydrogen 
are formed as a result of anaerobic processes. Most of the species are 
short rods, and several of them are known to produce spores. Some 
are aerobic; others are microaerophilic or anaerobic. 

According to Baas-Becking and Parks (1927), the various hydrogen- 
oxidizing bacteria can catalyze the following reactions: 

( 1 ) H2 +102 ^ H20 

( 2 ) Ha + N2O ^ N2 + H2O 

(3) 6 H 2 + 2 NO 3 - N 2 + 4 H 2 O + 20H- 
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(4) Ha + JS04~ iS~ + HaO 

(5) Ha + iCOa iCH4 + ^HaO 

(6) Ha + S HaS 

No organism is definitely known which can catalyze reaction 6 , and 
those which produce 3, 4, and 5 have been described but studied very 
little. Beijerinck and Minkman (1909) have cultured the bacterium 
responsible for reaction 2 , but little is known concerning its properties. 
The nutrition of the organisms responsible for reaction 1 is better 
known and will be briefly summarized. 

The first member of this group (Jlydrogenomonas pantotropha) was 
described by Kaserer (1906), who found that it would grow in the 
following inorganic medium in the presence of a gaseous mixture 
consisting of air, CO 2 , and H 2 : 


KHjP04 

0.5 g. 

NaHCOs 

0.5 g. 

MgSOi 

0.2 g. 

FeCls 

Trace 

NH 4 CI 

1 g- 

H 2 O 

1,000 ml. 


The organism also grew as a heterotroph on ordinary laboratory media. 

After the discovery of Hydrogenomonas pantotropha other aerobic, 
microaerophilic, and anaerobic organisms of this group were described 
by Niklewski (1908), Grohmann (1924), Ruhland (1924), and others. 
Ruhland did most of his work with an organism which he named 
Hydrogenomonas pycnoiica, and most of our information concerning 
the metabolism of the hydrogen oxidizers will be found in his excellent 
paper. The organism grew in the following inorganic medium in a 
gaseous environment consisting of O 2 , H 2 , and CO 2 : 

NaHCOa 1 g. MgS 04 0.1 g. 

NH4CI 1 g. NaCl 0.1 g. 

KH2PO4 0.5 g. H 2 O (glass-distilled) 1,000 ml. 

The relative pressures of hydrogen and oxygen had little effect on the 
rate of oxidation, and the optimum pH for the process was between 6.8 
and 8.1, the reaction ceasing outside the limits pH 5.2 and 9.1. 

It has been shown by several workers that the oxidation of hydrogen, 
H 2 + f O 2 —► H 2 O, yields relatively large amounts of energy (34.2 cal. 
per gram as contrasted with about 4.1 cal. per gram of starch) and 
that the free energy efficiency of these organisms is 10 to 20 per cent 
higher than that of other autotrophs. It has also been suggested that 
all the hydrogen is not burned directly by these organisms but that 
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part of it is converted to carbohydrate, which may in turn be either 
oxidized or used for cellular syntheses. 

2 H 2 + CO 2 (CH 2 O) + H 2 O 
(CH 2 O) + O 2 -> H 2 O + CO 2 

The^ oxidation of hydrogen, like that of sulfur and iron, is not re¬ 
stricted to a group of obligate or even facultative autotrophs. Work 
by Stephenson and Stickland (1931) and others has shown that several 
common heterotrophic bacteria are able to activate gaseous hydrogen; 
with one bacterium the hydrogen was oxidized at the expense of sulfate. 

The Carbon Monoxide Bacteria. The oxidation of carbon mon¬ 
oxide by soil bacteria was first reported by Beijerinck and van Delden 
(1903), who also isolated and named the organism {Carboxydomonas 
oligocarbophila) responsible for the reaction. Although Beijerinck 
and van Delden observed that Carboxydomonas oligocarbophila is an 
autotrophic, rod-shaped bacterium capable of obtaining its nitrogen 
from ammonia, nitrite, or nitrate in an otherwise inorganic medium, 
they did not demonstrate how the organism derives its energy’' for 
growth. Later, however, Kaserer (1906) showed that a pure culture 
of the organism secures its energy by the oxidation of carbon monoxide 
to carbon dioxide: 

CO + IO 2 CO 2 

Or in symbioses with other bacteria it oxidizes hydrogen to H 2 O by 
catalytically reducing CO 2 to CO; the CO may then be utilized as food 
and again oxidized to CO 2 . 

The morphology and physiology of this bacterium have also been 
studied by Lantzsch (1922), who believes that it is really an Actinomyces 
rather than a true bacterium. He cultivated the organism under 
autotrophic conditions in the following inorganic medium: 

K 2 HPO 4 0.1 g. MgS 04 Trace 

NaNOa 0.1 g. FeCla Trace 

CaCh 0.05 g. H 2 O (distilled) 1,000 ml. 

When the supernatant atmosphere was saturated with CO or vapors 
from formic acid, the resulting growth was very filamentous, or Actino- 
mycesAWiQ in form. On the other hand, normal morphology was ob¬ 
served when the organism was cultivated on the same medium plus 
formaldehyde, methyl alcohol, or acetic acid or on common bacterio¬ 
logical media. 

The Methane- and Other Hydrocarbon-Oxidizing Bacteria. 
Like the hydrogen-oxidizing organisms and some of the iron and sulfur 
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bacteria, this group is generally considered to be intermediate between 
the obligate autotrophs and the true heterotrophs. 

The best-known member of this group is Methanomonas methanica, 
which was first described by Sohngen (1906, 1910, 1913). This organ¬ 
ism is a short, motile rod which grows best at about 30°C. in an in¬ 
organic medium with the gas phase above it composed of approximately 
one-third methane and two-thirds air. To illustrate the utilization 
of methane by this bacterium one of Sohngen^s experiments may be 
cited. To a closed flask containing about 100 ml. of media he added 
225 parts of CH 4 and 320 parts of O 2 . After the flask had been in¬ 
oculated with the organism, it was incubated for 2 weeks. The gas 
phase of the culture was then analyzed and found to contain the 
following: 

CO 2 78 parts 

CH 4 0 parts 

O 2 172 parts 

Other hydrocarbons are also attacked by this organism (see Table 5). 
Energy for its growth is apparently derived from the following reaction 
[Orla-Jensen (1909)]: 

CH 4 + 2 O 2 CO 2 + 2 H 2 O 

Many other hydrocarbon-oxidizing bacteria have also been described, 
including such well-known species as Pseudomonas aeruginosa [Bush- 
nell and Haas (1941), Jolmson, Goodale, and Turkevich (1942)]. 
Tausz and Peter (1919) and Tausz and Donath (1930) isolated from 
soil three interesting organisms {Bacterium ali'phaticumy Bacterium 
aliphaticumriiquefaciens, and a large, spore-forming bacillus which they 
called Paraffin Bakterien). The species grew aerobically at 30°C. in a 
mineral medium with ammonia as a source of nitrogen and utilized 
added hydrocarbons for energy and carbon. These bacteria also grew 
as heterotrophs on ordinary laboratory media. The Paraffin Bakterien 
exhibited little effect on naphthenes, benzoid hydrocarbons, and some 
paraffins, such as n-hexane and n-octane, but they attacked higher 
paraffins like hexadecane, tricontane, and tetratricontane. The other 
two organisms utilized a number of compounds, as will be seen in 
Table 6 , where some comparative data on Methanomonas methanica 
are also given. 

More recently Bushnell and Haas (1941) and Johnson, Goodale, 
and Turkevich (1942) have studied the utilization of hydrocarbons by 
microorganisms and have reported some interesting results. For ex¬ 
ample, they found that many organisms are capable of using petroleum 
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fractions such as Skelly-solve, gasoline, kerosene, light and heavy 
mineral oils, paraffin wax, and related hydrocarbons as the source of 
carbon and energy for their metabolism. The technique employed 
for testing these compounds was only slightly modified from that 

TABLE 6 

Oxidation of Various Compounds by Bacterium aliphaticum-liquefaciena 
AND Methanomonaa methanica 


[From Tausz and Donath (1930)] 



Bacterium 

aliphaticum- 

M etkanomoncLa 

Compound 

liquefaciena 

methanica 

Hydrogen 

+ 

+ 

Methane 

— 

+ 

Ethane 

— 

+ 

Propane 

- 

+ 

Butane 

— 

+ 

Pentane 

+ 


Hexane 

-f- 

+ 

Heptane 

+ 


Octane 

-f 


Decane 

+ 


Ethylene 

- 

? 

Propylene 

— 

+ 

Butylene 

— 

+ 

Benzol 

— 

— 

Methylbcnzol 

— 


Propylbenzol 

— 

Cyclohexane — 

Butylbcnzol 

- 

Parafl&n oil + 

Cetylbenzol 

+ 



-h — compound used as carbon and energy source. 

— = compound not utilized. 

used by Sohngen and others. The following basal medium proved to 
be satisfactory [Bushnell and Haas (1941)]: 

NH4NO3 or (NH 4 ) 2 S 04 1 gt KH2PO4 Ig. 

MgS 04 0.2 g. K2HPO4 Ig. 

CaCb 0.02 g. FeCls (cone, sol.) 2 drops 

H 2 O (distilled) 1,000 ml. 

The final pH was adjusted to 7.0 to 7.2. The hydrocarbon to be tested 
was sterilized separately and added to the extent of about 5 per cent. 

Certain of these species, such as Bacterium aliphaiicwn, can also 
utilize a great many carbohydrates as a source of carbon [Johnson and 
Schwarz (1944)]. 
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Heterotrophic Bacteria 

Most of the bacteria which we know today are heterotrophs, since 
in general they require a more complex (reduced) source of carbon 
than CO 2 . It should be mentioned again, however, that a sharp dis¬ 
tinction does not exist between the autotrophic and heterotrophic 
bacteria; rather there is a gradual blending of metabolic activity be¬ 
tween the two groups. Evidence for this statement is found in certain 
groups of bacteria which have just been discussed and in the fact that 
certain heterotrophic cells can fix carbon dioxide. It is likely that 
true heterotrophism consists in the loss of ability by an organism to 
synthesize from CO 2 certain molecular structures that are necessary 
in metabolism. This fact does not mean, however, that heterotrophic 
bacteria are unable to carry out syntheses impossible to autotrophic 
forms. The fixation of atmospheric nitrogen by Azotobacter and 
Rhizohium species is a good example of a metabolic activity which is 
lacking in autotrophs. Both these genera are heterotrophic, since they 
require complex carbon compounds, such as glucose or mannitol, but 
they can still use inorganic nitrogen (N 2 , NO3, or NH4). 

For purposes of discussion it is convenient to classify the hetero¬ 
trophic bacteria into arbitrary groups on the basis of the complexity 
of the simplest nitrogen source which they can utilize and their need 
for growth factors, or vitamins, when cultivated in chemically defined 
media (see Fig. 1, p. 636). There are many exceptions, however, to 
such classification. For example, in one medium an organism may use 
ammonium salts as a source of nitrogen, whereas in another substrate 
the same organism may fail to utilize these salts for this purpose. Thus 
the specialization of bacteria with each step in differentiation must be 
visualized, and it must be realized that, as they become generally 
more fastidious or parasitic, they may lose their ability to synthesize 
certain required protoplasmic components or growth factors. In a 
medium devoid of these substances the nitrogen in ammonium salts 
may not be utilized by the organism, whereas in a substrate in which 
these components have been supplied growth will occur. Also certain 
bacteria may be ‘‘trained’^ to use a simpler form of nitrogen than that 
to which they are generally accustomed. Still another phenomenon 
of some bacteria which precludes the possibility of rigid grouping by 
the foregoing scheme is growth and multiplication through the use of 
nitrogen or growth factors liberated from dead cells. In spite of these 
inherent disadvantages of allocating heterotrophic bacteria to certain 
more or less fixed groups on the basis of their nitrogen and growth-factor 
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requiffements, however, this classification is con\enient in discussing 
the nutrition of these organisms and will be followed here. 

BACTERIA CAPABLE OF UTILIZING GASEOUS NITROGEN AS 
A SOURCE OF NITROGEN 

The first type of true heterotrophs whose nutrition we will consider 
is the so-called nitrogen-fixing group. So far as we know at the present 
time, a few species of microorganisms are the only forms of life which 
possess the property of using molecular nitrogen in their metabolism. 
A few remarks concerning the nutrition of these nitrogen-fixing bacteria 
will be made here; further details of the fixation process are presented 
in Chapter 9. 

The bacteria which are capable of fixing or assimilating atmospheric 
nitrogen, that is, of bringing it into combination with other elements 
to form compounds which are utilized by the organisms in building 
organic compounds, may conveniently be classified into two groups: 

(1) those which live freely (nonsymbiotically) in soil or water; and 

(2) those which grow symbiotically with certain plants. 

Let us briefly consider the nutrition of the bacteria in each of these 
groups. 

Nonsymbiotic (Free-Living) Nitrogen-Fixing Bacteria. The 
bacteria of this group are of two kinds, aerobic and anaerobic. The 
aerobic forms are, for the most part, included in the genus Azotohacter^ 
and several species have been described, such as Azotobacter chroococcum, 
Azotobacter agilis, Azotobacter vinelandiif and Azotobacter beijerinckii. 
These forms are rather large rod-shaped or coccobacillary bacteria 
which never produce spores but are sometimes motile. They often 
contain vacuoles and a slimy capsule of variable thickness. Azotch 
bacter species are quite abundant in many fertile soils where the acidity 
is not less than pH 6.0, and they are probably in a measure responsible 
for the accumulation of many nitrogenous substances in the soil. They 
were first isolated by Beijerinck (1901) and have since been studied in 
some detail by many workers because of their importance in soil 
fertility. The organisms may be easily isolated from the soil by using 
Ashby’s mannitol phosphate solution (pH 7.2 to 8.0): 


Mannitol 

10 g. 

CaS 04 - 2 H 20 

0.1 g. 

KHsPO. 

0.2 g. 

CaCO, 

5 g- 

MgS04-7Hi0 

0.2 g. 

HjO (distilled) 

1,000 ml. 

NaCl 

0.2 g. 




or by plating soil samples on the same basal medium containing 2.0 per 
cent agar. Quite similar media for isolation purposes have been 
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proposed by other workers, especially Homer and his associates [see 
Horner and Burk (1934), Horner, Burk, Allison, and Sherman (1942)], 
who have extensively studied the essential inorganic requirements of 
Azotohacter. 

The carbon and nitrogen requirements of Azotohacter may be briefly 
summarized. Carbon compounds, such as mannitol, propionate, mal- 
ate, succinate, or glucose, can be oxidized as a source of energy for the 
metabolic activities of Azotohacter species. Azotohacter chroococcum 
decomposes glucose mainly to CO 2 , but ethyl alcohol and -formic, 
acetic, and lactic acids have been observed occasionally in old cultures 
[Kostytschew, Ryskaltschuk, and Schwezowa (1926)]. In addition to 
atmospheric nitrogen such nitrogenous substances as ammonium salts, 
nitrites, nitrates, and urea are readily assimilated by Azotohacter species. 
Aspartic acid, asparagine, adenine, glutamic acid, guanine, allantoin, 
cytosine, and uramil are also utilized, but not as readily. Leucine, 
phenylalanine, uracil, acetamide, hydroxylamine, hydrazine, unhy¬ 
drolyzed gelatin, and other compounds cannot be used [Burk and 
Homer (1935), Horner and Allison (1944)]. When a nitrogenous com¬ 
pound is readily available, as a rule the Azotohacter species do not assim¬ 
ilate or fix gaseous nitrogen. However, when such a compound is ab¬ 
sent from the medium, nitrogen gas is used to synthesize bacterial 
protoplasm; the amount of nitrogen fixed is generally in direct propor¬ 
tion to the amount of cellular synthesis. The mechanism involved in 
the nonsymbiotic fixation of nitrogen is not well understood. It is 
known that the end products of nitrogen synthesis are proteins (proto¬ 
plasm), but the specific reactions concerned in the transformation of 
free nitrogen to protein are not known [see Burk (1934)]. 

The relationship of accessory growth factors to the development of 
Azotohacter species has been studied by several workers [see Jones and 
Greaves (1943)]. In general the organisms do not need an external 
source of the following substances for normal growth and metabolism 
in simple substrates: ascorbic acid, biotin, carotene, indole-3-acetic 
acid, inositol, nicotinamide, pantothenic acid, pimelic acid, thiamin, 
riboflavin, and pyridoxine. When grown in synthetic media devoid 
of accessory factors, however, Azotohacter species synthesize fairly 
large quantities of biotin, inositol, nicotinic acid, pantothenic acid) 
pyridoxine, riboflavin, thiamin, and other vitamins. 

The nonsymbiotic, anaerobic, nitrogen-fixing bacteria belong to the 
genus Clostridium. The most important species is Clostridium pasteur- 
ianumf which is closely related to the butyric acid bacteria. This 
organism is widely distributed in soil; but, since it is a strict anaerobe, 
it is doubtful if conditions are optimum for its growth in well-aerated 
normal soil. However, in boggy, acid (pH 6.0 or below) soils it may 
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serve an important function, since Azotohacter species are inactive in 
such an environment. When studied in the laboratory, CL pasteurir 
anum fixes considerable nitrogen. Winogradsky (1902) studied this 
species in some detail and found that it grows at 28° to 30°C. in the 
following nitrogen-free medium (optimum pH 6.9 to 7.3): 


Glucose 20 g. 

K 2 HPO 4 1.0 g. 

MgS 04 -7H20 0.2 g. 

NaCl, FeS 04 , MnS 04 Trace 


H 2 O (distilled, ammonia-free) 1,000 ml. 

CaCOa was added sometimes. 

It has been assumed that in such a medium nitrogen is fixed by means 
of the energy liberated from the anaerobic breakdown of the glucose. 
The chief products of the fermentation of glucose are acetic and 
butyric acids, carbon dioxide, and hydrogen. As a source of carbon 
CL pasteurianum utilizes glucose, maltose, lactose, levulose, sucrose, 
dextrin, inulin, glycerol, mannitol, and lactate. Winogradsky found 
that the greater is the concentration of sugar, the lower is its economic 
utilization, 3.2 mg. of nitrogen being fixed per gram of glucose in 0.5 per 
cent solution, 2.0 mg. in 2.0 per cent solution, and 1.2 mg. in 4.0 per 
cent solution. Apparently no systematic study has been made of the 
various types of nitrogen compounds which can be assimilated by this 
organism, although Winogradsky observed that, when combined nitro¬ 
genous substances, such as ammonium salts, are present in the medium, 
the fixation of elementary nitrogen is inhibited. This inhibition can, 
however, be counteracted by increasing the concentration of glucose 
in the medium. 

The nutrition of CL pasteurianum has not been studied in recent 
years. For a review of the available information on the nutrition of 
this and related species up to 1927 the book by Waksman and the 
reviews mentioned early in this chapter should be consulted. 

Symbiotic Nitrogen-Fixing Bacteria. Two types of microorgan¬ 
isms are known to live in symbiotic relationship to higher plants: 
certain fungi and certain bacteria. In this discussion we shall mention 
only the bacteria. 

Two genera {Rhizobium and Mycobacterium) of rod-shaped bacteria 
are known definitely to contain species which grow in symbiosis with 
higher plants. Members of the genus Rhizobium occur upon or in 
the roots of all leguminous plants, such as peas, beans, alfalfa, and 
sweet clover; Mycobacterium rubiacearum^ on the other hand, occurs 
in the nodules of leaves of certain tropical plants of the family Rubi- 
aceae. These bacteria may be discussed here with the free-living 
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nitrogen fixers, because their gross nutritional requirements are the 
same: they fix nitrogen, and they use organic carbon compounds 
as a carbon source to derive energy for the fixation process or for in¬ 
organic nitrogen (NH 4 , NO 3 ) assimilation. However, as we shall 
point out shortly, most of the legume bacteria are nutritionally more 
complex than the other members of this group, since they require 
certain factors for optimum growth in chemically defined media. It 
may be that this requiremfent is partly responsible for their symbiotic 
existence in nature. 

The nutritional requirements of the various species of the genus 
Rhizobium have been reviewed by West and Wilson (1939), Wilson 
(1940), and Wilson and Wilson (1942). Therefore only a brief sum¬ 
mary will be presented here; these references should be consulted for 
more complete details. Since Beijerinck first isolated pure cultures 
in 1888, a number of organic and inorganic media have been proposed 
by various workers for the cultivation of the bacteria causing nodules 
on leguminous plants. Although several early workers observed that 
rhizobia would grow in synthetic media, it was found that the addition 
of extracts of plants, such as yeast, potato, sauerkraut, and straw 
greatly stimulated their growth. For several years it was thought that 
one of the more important roles played by such extracts was the control 
of the physico-chemical properties of the substrate, for example, provid¬ 
ing a suitable oxidation-reduction environment for the bacteria. In 
1933 Allison, Hoover, and Burk showed that the growth of rhizobia 
in synthetic media depends on other factors besides proper physico¬ 
chemical environment. They found that the bacteria from alfalfa, 
clover, and peas were unable to grow to any extent in a purified min¬ 
eral-sugar medium; but, if commercial cane sugar was used as the 
carbon source, good growth occurred. The active impurity of the 
cane sugar, which was extracted with absolute ethyl alcohol, was read¬ 
ily dialyzable, was organic in character, and, when added in a small 
amount to the purified mineral-sugar medium, resulted in good growth. 
Since these results could not be explained on the basis of merely alter¬ 
ing the physico-chemical environment, Allison and his associates con¬ 
cluded that the function of the stimulating substance was to furnish 
a coenzyme for respiration; hence they proposed that it be called 
coenzyme R.^ This study suggested, therefore, that the various ex¬ 
tracts which are needed for the optimum growth of rhizobia in syn¬ 
thetic media contain one or more specific growth factors. 

After the study by Allison, Hoover, and Burk (1933) several in¬ 
vestigators [see Wilson (1940)] tested a number of known substances 

’ Since this substance is in all probability identical with biotin, the term coen- 
Z3^e R should be abandoned. 
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for their growth-promoting property for rhizobia. The following com¬ 
pounds were found to have little or no effect: cysteine, glutathione, 
pimelic acid, nicotinic acid, /3-alanine, pantothenic acid, pyruvic acid, 
indoleacetic acid, indolepropionic acid, indolebutyric acid, numerous 
amino acids, and uracil. Variable results were at first obtained by 
several workers with thiamin (Bi) and riboflavin (B 2 ), but West and. 



^ « «_i ,1, ..1,_- I .I M I 

.02 .04 .06 .06 .10 .12 .14 .16 .16 .20 


MICROORAM 8 OF VITAMIN PER ML 

Fia. 2. The Influence of Thiamin and Riboflavin on the Growth of Rhizobium 
trifolii. (From West and Wilson, 1939.) 


Wilson (1939) were able to solve tliis phase of the problem. They 
found that the method in which the inoculum was prepared greatly 
influenced the initiation of growth by the legume bacteria in chem¬ 
ically defined media. For instance, if the cells of the inoculum were 
washed free of their metabolic products, no growth occurred when 
they were subsequently added to certain synthetic media. However, 
if before the inoculation the cells were suspended in a filtrate from a 
growing culture or an autolysate of rhizobia cells and this was used 
as the inoculum, growth was readily initiated. Further study showed 
that the rhizobia filtrates could be replaced by thiamin or riboflavin, 
but that the pure vitamins exhibited a very narrow optimum range 
(Fig. 2). From this study West and Wilson concluded that thiamin 
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(and/or riboflavin) is an essential growth factor for at least one rhizo- 
bium (Rhizobium trifoUi 205), in that small amounts must be provided 
for the initiation of growth in a chemically defined medium, either 
directly in the preparation of the medium or indirectly in the inoculum. 
Once growth is started, the organisms synthesize enough of the factor 
to meet their need and to make continuous transfer possible. Even 
under such conditions, however, maximum populations are not reached 
unless other factors in yeast extract and similar substances are also 
present. 

A search for the major factors in plant extracts which stimulate 
rhizobia has been undertaken by several workers, especially Dr. Perry 
Wilson and his associates at Wisconsin, Allison and his coworkers in 
the United States Department of Agriculture, and Nilsson, Bjalfve, 
and Burstrom (1938, 1939) in Sweden. Although considerable progress 
has been made in the elucidation of the essential growth factors for 
rhizobia, additional work is needed before any definite conclusions 
can be reached concerning their exact requirements. The distribu¬ 
tion and properties of these plant-extract factors definitely suggest 
that they are members of the so-called bios complex. Biotin has been 
identified [West and Wilson (1940)] as one of these factors required 
by certain strains of rhizobia when cultivated in the following highly 
purified basal medium [Wilson and Wilson (1942)]: 

K 2 HPO 4 0.5 g. NaCl 0.1 g. 

NH 4 CI 0.376 g. FeCla Trace 

MgS 04 0.2 g. H 2 O 1,000 ml. 

CaS 04 0.2 g. 

In fact, Wilson and Wilson (1942) concluded that strains of rhizobia 
can be allocated to three groups on the basis of their biotin require¬ 
ments in the above medium: (1) those (the majority) which grow on 
continuous transfer in the absence of biotin but reach a population of 
only about one-tenth of the maximum (when yeast extract is present 
in the medium); (2) those (a few) which attain practically maximum 
growth in the absence of biotin; and (3) those (a few) which are unable 
to grow unless biotin is supplied. 

The carbon and nitrogen requirements of the root-nodule bacteria 
can be briefly summarized. Carbon in the form of carbohydrates is 
easily utilized by the rhizobia as a source of energy. The various 
species, however, do not exhibit identical degrees of activity. For 
example, Rhizobium legumimsarum and Rhizobium trifolii usually fer¬ 
ment dextrose, galactose, mannose, lactose, and maltose with slight 
acid production; whereas the soya bean organism, Rhizobium japonic 
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cum, forms little if any acid from carbohydrates other than xylose and 
arabinose, which are attacked slowly. The chief end products of carbo¬ 
hydrate metabolism by the rhizobia are carbon dioxide, water, and 
bacterial cells, although several strains produce in addition traces of 
organic acids and a gum composed of glucuronic acid and glucose 
[Hoover and Allison (1940), Wilson (1940)]. Most of the work on the 
nitrogen metabolism of the rhizobia has been qualitative in the sense 
that many investigators have merely determined whether growth took 
place in the presence of a given source of nitrogen. Quantitative stud¬ 
ies involving a measurement of the changes induced in the nitrogen 
source are few, in spite of the fact that such information might help 
in determining the intermediate steps in the fixation reaction. The 
root-nodule bacteria hydrolyze only slightly such proteins as gelatin 
and casein but are able to attack certain peptides, especially the di¬ 
peptides. A number of amino acids, for example, glycine, alanine, 
and glutamic acid, are capable of serving as a nitrogen source [Pohlman 
(1931)], and most if not all of the species of rhizobia use asparagine, 
urea, ammonium salts, or nitrates. Nitrites are assimilated to only a 
small extent. 

The nutrition of Mycobacterium ruhiacearum has not been studied 
recently. Faber (1912, 1914) used an organic medium to isolate first 
the species from the nodules of the leaves of certain tropical plants, 
but he also demonstrated that the organism could grow in a nitrogen- 
free medium and could fix atmospheric nitrogen. Plants free of bacteria 
grew poorly in nitrogen-free soil (sand cultures), but those containing 
the bacteria thrived. From these experiments Faber concluded that 
the organism is of advantage to the plant because of its ability to fix 
nitrogen. The organic carbon and combined nitrogen requirements so 
far known may be summarized briefly. The organism was cultivated 
in a basal medium containing these compounds. 

KH 2 PO 4 5 g. NaCl 0.1 g. 

CaCU 0.1 g. Fe 2 Cl 6 0.01 g. 

MgS 04 *7H20 0.3 g. H 2 O 100 g. plus 


The following results were obtained: 

2 Per Cent 0.6 Per Cent 

Gum arable Asparagine 

Peptone 
NH4CI 
KNOs 


Growth after 10 Days 
at 28°-30°C. 
Good growth 
Slight growth 
Luxuriant growth 
Luxuriant growth 



670 


BACTERIAL NUTRITION 


Growth after 10 Days 


2 Per Cent 

0.5 Per Cent 

at 28°-30‘‘C. 

Dextrose 

Asparagine 

Peptone 

NH4CI 

KNO 3 

Slight growth 

No growth 

Slight growth 
Slight growth 

Sucrose 

Asparagine 

Peptone 

NH4CI 

KNO 3 

Slight growth 

No growth 
Moderate growth 
Slight growth 

Starch 

Asparagine 

Peptone 

NH4CI 

KNO 3 

Good growth 
Good growth 
Luxuriant growth 
Good growth 

Inulin 

Asparagine 

Peptone 

NH4CI 

KNO 3 

Good growth 

No growth 

No growth 

No growth 

Lactose, 
cellulose, or 
glycerol 

Asparagine 

Peptone 

NH4CI 

KNO 3 

No growth 

No growth 

No growth 

No growth 


BACTERIA WHICH CANNOT UTILIZE GASEOUS NITROGEN 
BUT CAN ASSIMILATE NH 4 , NO 2 , OR NO 3 

To the second (ninth in the nutritional spectrum, Fig. 1) arbitrary 
group of heterotrophic bacteria we may allocate many saprophytic 
bacteria commonly studied in the laboratory, as well as several animal 
and plant pathogens. In general, the organisms of this group derive 
their energy from the oxidation of sugars, organic acids, and related 
compounds and utilize either the ammonium ion or simple nitrogenous 
salts (nitrites or nitrates) as a sole source of nitrogen; they do not re¬ 
quire the addition of growth factors to chemically defined media in 
order to grow. Several more fastidious heterotrophs may utilize the 
ammonium ion or other simple nitrogenous substances, providing 
certain growth factors are present. These organisms are discussed on 
pp. 686 to 715. 

A few remarks concerning several representative species will serve 
to illustrate the general characteristics of the group. 

Bacterium radiohacter. Since Bacterium radiobacter is a common 
soil saprophyte frequently associated with the legume-nodule bacteria, 
it will be discussed first in this group. The exact characterization of 
this organism presents a problem, inasmuch as it is similar in many 
respects not only to the species of the genus Rhizohium but also to 



BACTERIA WHICH CAN ASSIMILATE NH4, NO2, OR NO3 671 


certain plant pathogens of the genus Phytomonas, Since this phase 
of the problem has been discussed in some detail by Hofer (1941), 
we will consider here only the nutritional requirements of the species. 
The organism grows well on most common laboratory media, as well 
as on the following medium [Hofer (1941)]: 


NH 4 NO, 

1 g- 

CaCls^HaO 

0.1 g. 

K 2 HP 04 

0.5 g. 

Carbon source 

1.6 g. 

MgS04-7H20 

0.1 g. 

H 2 O (distilled) 

1,000 ml. 

NaCl 

0.1 g. 




The organism has a pH range between 5 and 11 to 12 and exhibits 
slight growth at 1®C. and 45°C. The organism is well known for its 
ability to assimilate nitrate nitrogen; it also utilizes ammonium sulfate, 
ammonium citrate, and ferrous ammonium citrate, but not potassium 
nitrite. Organic nitrogen compounds, such as acetamide, oxamide, 
succinimide, asparagine, urea, glycine, alanine, aspartic acid, and glu¬ 
tamic acid, will also serve as a nitrogen source [Sagen, Riker, and 
Baldwin (1934)]. The species has long been thought to fix atmospheric 
nitrogen, but investigations by Wilson, Hopkins, and Fred (1932) have 
shown that there is no basis for this belief, whether the organism is 
grown in pure culture or in association with Rhizobia, A number of 
sugars, alcohols, organic acids, and related compounds can serve as a 
source of carbon and energy for R. radiohacter. For example, Sagen, 
Riker, and Baldwin (1934), Smith and Brown (1935), and Hofer (1941) 
found that the following compounds permitted abundant growth: 
arabinose, xylose, rhamnose, dextrose, galactose, mannose, lactose, 
sucrose, trehalose, raffinose, salicin, glycerol, arabitol, adonitol, dulci- 
tol, mannitol, sodium propionate, calcium gluconate, sodium succinate, 
lactic acid, and malic acid. Lactose, methyl alcohol, ethyl alcohol, 
propyl alcohol, butyl alcohol, sodium formate, sodium acetate, butyric 
acid, stearic acid, sodium malonate, and tartaric acid permitted a trace 
to moderate growth. Amygdalin and sodium oxalate were not utilized. 
The chief end products of the fermentation of the above sugars ap¬ 
peared to be carbon dioxide and gum, since Hofer (1941) could not 
detect the presence of volatile acids or alcohols. 

Alcaligenes fecalis and Alcaligenes viscosus. These organisms 
are quite common and may be briefly mentioned. They both grow 
well on common laboratory media, but their fundamental nutritional 
requirements have not been studied very extensively. They differ 
principally from the other members of their group in that they seldom 
ferment any of the sugars; and, when they do, the reaction is always 
reversed to the alkaline side of neutrality. Although several early 
workers [see Braun and Cahn-Bronner (1921)] found that Alcaligenes 
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fecalis would grow in simple media containing only ammonium lactate 
as a source of nitrogen and carbon, the most complete study of the 
nutrition of this organism is that of Berthelot and Amoureux (1938). 
These workers found that the organism grew very well in the following 
medium (pH 7.8): 


NH«NO, 

0.26 g. 

Asparagine 

2 g. 

NaCl 

8 g. 

Cysteine 

0.02 g. 

K*HP04 

1.5 g. 

Sodium pyruvate 

2,5 g. 

MgSO. 

0.5 g. 

H 2 O 

1,000 ml. 


No studies are available on the types of nitrogen which can be used 
by this species. 

We have mentioned that this species does not ferment any of the 
sugars; however, it is known to be able to oxidize formic acid and acetic 
acid [Kendall and Ishikawa (1929)], as well as phosphorylated hexose 
(hexose mono- or diphosphate), saturated fatty acids, hydroxy acids, 
keto acids, amino acids, and alcohols [Barron and Friedemann (1941)]. 
Barron and Friedemann concluded that the organism^s failure to 
oxidize glucose is due to lack of phosphorylation. Ahaligenes viscosus 
is similar in many respects to Ahaligenes fecalis, except that it usually 
produces a very ropy condition in milk. The organism has been 
studied by Long and Hammer (1936), but information on its basal 
nutrition is still lacking. 

Pseudomonas aeruginosa* Several early workers, including Koser 
and Rettger (1919), observed that Pseudomonas aeruginosa and related 
species would grow in simple media containing the usual inorganic 
salts with ammonium phosphate or chloride as a source of nitrogen, 
and glycerol and dextrose or other compounds as a source of carbon 
and energy. More recently Robinson (1932), Sandiford (1937), and 
Pandalai and Rao (1942) extended our information on the nutrition 
of this species. For example, Robinson found that any of the following 
three media stimulated satisfactory growth between pH 6.0 and 9.0 
under aerobic conditions: 

1. Citric acid, 0.5 g.; ammonium hydrate, 0.5 ml.; saturated mag¬ 
nesium hydrogen phosphate solution, to 100 ml. 

2. Sodium lactate, 0.5 g.; ammonium dihydrogen phosphate, 0.2 per 
cent solution neutralized by excess magnesium oxide and filtered, 
then diluted to 100 ml. 

3. Succinic acid, 0.5 per cent solution, neutralized by excess 
MgNH 4 P 04 • 6 H 2 O, and filtered. 

The following medium supported growth at pH 7.6 under anaerobic 
conditions: 
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Sodium citrate, 1.0 g.; sodium nitrate, 0.6 g.; MgS 04 , 0.05 g.; 
phosphate buffer (0.05 ilf), to 100 ml. 

Phosphate and probably magnesium were essential inorganic con¬ 
stituents of the media. Available nitrogen sources for growth were 
ammonium salts, nitrates, and amino acids, but not nitrites, urea, 
monoethylamine, betaine, guanidine, aniline, picric acid, or pyocyanin. 
Available carbon sources and energy sources were carbamate, acetate, 
lactate, pyruvate, succinate, butyrate, citrate, glycerol, dextrose, amino 
acids, ethyl alcohol, and n-butyl alcohol, but not carbonate, urea, 
acetaldehyde, acetone, n-propyl alcohol, guanidine, glycerophosphate, 
betaine, and many sugars and aromatic compounds, including pyo¬ 
cyanin. Oxalates supported anaerobic growth but not aerobic growth. 
Robinson also worked out the optimum concentrations of several 
constituents in his media, a point which is very important in nutri¬ 
tional studies but is frequently ignored even today. He found that 
the optimum ranges of concentrations were generally wide for aerobic 
growth, whereas those for anaerobic growth and pigmentary activity 
tended to be more limited regions within these broad ranges. The 
following data illustrate this point: 



Minimal 

Optimal 

Pigmentary 

Anaerobic 


Range, 

Range, 

Optimum, 

Optimum, 


per cent 

per cent 

per cent 

per cent 

Na, K, Cl, SO 4 

0.0 

0.0 

0.0 

0.0 

MgS04-7H20 

0.0001-0.0005 

0.0005-0.6 

0.06 

0.05 

KH 2 PO 4 

0.001-0.0025 

0.0025-2.0 

0.06 

0.60 

NH 4 CI 

0.0026-0.06 

0.05-0.25 

0.10 


NaNOa 

0.01 

0.1-2.0 


0.6 

NaaCcHfiOy-S-jHaO 

0.01-0.25 

0.26-2.0 

1.0 

1.0 

NaCaHsOa-SHaO 

0.01-0.05 

0.1-0.25 

0.26 

0.1 


Pandalai and Rao (1942) studied the nutritional requirements of 
ten strains of Ps. aeruginosa and showed that in a simple substrate 
phosphate was essential for growth, and that sulfur (sulfate) improved 
pigment formation. Lactic acid was also found to be essential for good 
pigment production. Magnesium ions, on the other hand, were not 
considered necessary for either pigmentation or growth. 

Achromobacter mobile {Termobacterium mobile. Pseudo- 
monos lindneri)* This interesting organism is one of the few bac¬ 
teria which can produce large amounts (40 to 47 per cent) of ethyl 
alcohol from dextrose. It apparently has a zymase complex very 
similar to that of certain yeasts. Although the organism grows best 
in the presence of yeast extract, it will grow in the following medium 
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[Kluyver and Hoppenbrouwers (1931), Schreder, Brunner, and Hampe 
(1934)]: 


K*HP04 

Ig. 

MgS04 

0.5 g. 

(NH4)*S04 

1 g- 

Tap water 

1,000 ml 

Dextrose 

20 g. 




Only dextrose, levulose, and sucrose are fermented, the sucrose enzyme 
being adaptive. Little is known about the forms of nitrogen that 
can be utilized. 

Bacillus and Clostridium species. Several aerobic spore-forming 
bacilli will grow in inorganic salt media containing ammonium salts, 
or nitrates, as the sole source of nitrogen, and sugars, or organic acids, 
as a source of carbon and energy. For example, Bredemann and his 
associates, Werner (1933), Stiihrk (1935), and Heigener (1935) have 
described several aerobic species of the Bacillus subtilis group which 
will grow in a medium composed of: 


NH4CI or KNO3 

10 g. 

MgS04 

1 g. 

Dextrose or other car¬ 


reS 04 

Trace 

bon sources, such as 


CaCls 

0.1 g. 

calcium n-butyrate 

10 g. 

NaCl 

0.1 g. 

K2HPO4 

1 g- 

H2O (distilled) 

1,000 ml. 


Some other Bacillus species are more fastidious; their nutritional re¬ 
quirements are discussed later in the chapter. 

Acetobacter acetu The species of the genus Acetobacter, with the 
exception of Acetobacter aceti, will not grow in media containing am¬ 
monium salts as a sole source of nitrogen. Vaughn (1942) believes 
that this fact can be used as a reliable criterion to differentiate A. aceti 
from other closely related species. Little is known concerning the 
fundamental nutritional requirements of this organism, although it 
will grow on many common laboratory media, as well as that prepared 
by Henneberg [see Vaughn (1942)], which consisted of the following 
ingredients: 


(NH4),S04 

3g. 

H 2 O 1,000 ml. 

KH2P04 

3g. 

Sterile ethyl alcohol (final con¬ 

MgS04 

2g. 

centration of 2 per cent) is 

Glucose 

20 g. 

added just before use. 


Glucose, ethyl alcohol, propyl alcohol, and glycerol are oxidized by 
this species with the production of acid; but arabinose, levulose, galac¬ 
tose, maltose, lactose, dextrin, and several alcohols, including mannitol 
and dulcitol, are not attacked. 
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Erwinia amylovora. The pear-blight or fire-blight organism, 
Ermnia amylovora, and some of the related plant pathogens may be 
placed in this nutritional group. Although this organism can be cul¬ 
tivated on most common laboratory media, it will also grow in syn¬ 
thetic media, such as the one used by Ark (1937): 

(NH 4 ) 2 HP 04 6 g. Carbon source 10 g. 

K2HPO4 2 g. H2O 1,000 ml. 

MgS04 0.3 g. 

The optimum pH is 6.8, although growth will occur from pH 4.8 to 8.8. 
Available nitrogen sources are ammonium salts, asparagine, and for 
some strains alanine, leucine, and proline; but glycine, valine, isoleu¬ 
cine, glutamic acid, tyrosine, tryptophan, cystine, or urea are not used 
as a sole source of nitrogen. All the strains studied by Ark (1937) 
produced acid from arabinose, mannose, glucose, levulose, maltose, 
cellobiose, sucrose, raffinose, dextrin, arbutin, salicin, amygdalin, cit¬ 
rate, and malic acid. Some strains fermented lactose, glycerol, manni¬ 
tol, lactate, and succinate; but xylose, rhamnose, starch, dulcitol, 
oxalate, tartrate, and valerate were not used as a source of carbon. 

Serratia marcescens. Several early workers found that this 
species grew aerobically and anaerobically in simple inorganic salt 
media, with ammonium salts, nitrates, urea, asparagine, or uric acid 
as a nitrogen source and mth glucose, sucrose, lactose, glycerol, manni¬ 
tol, ethyl alcohol, succinate, fumarate, maleate, lactate, citrate, or 
malonate as a carbon and energy source [Robertson (1924), Pederson 
and Breed (1928), Knight (1936)]. Several early workers also observed 
that magnesium, phosphate, and sulfate were essential inorganic in¬ 
gredients of the media. More recently Kost (1942) has studied the 
effect of temperature, inorganic salts, and amino acids on the morphol¬ 
ogy and pigment production of Serraiia marcescens. He found, for 
example, that many minerals in varying concentrations favored pig¬ 
ment production; calcium chloride in concentrations of 1.0 per cent or 
more suppressed pigmentation and growth, whereas lower concentrar 
tions aided them. Glucose favored gro\vth but reduced pigmentation; 
lactose stimulated both growth and pigmentation. Bunting [see Bunt¬ 
ing and Ingraham (1942), Bunting (1942)] has studied the factors 
affecting pigmentation of S, marcescens when cultivated in the follow¬ 
ing medium: 


Ammonium citrate 

5 g- 

NaCl 0,6 g. 

Glycerol 

10 g. 

Ferric ammonium 

K2HP04-3H*0 

10 g. 

citrate 0.05 g. 

MgSOi 

0.5 g. 

HjO (distmed) 1.000 ml 



676 


BACTERIAL NUTRITION 


The metabolic end products from the fermentation of glucose by 
members of the genus SerrcUia were determined by Pederson and Breed 
(1928). Serratia marcescens produced the following substances: acetic, 
formic, succinic, and Wactic acids, ethyl alcohol, acetylmethylcarbinol, 
2,3-butylene glycol, CO 2 , and a trace of H 2 . 

Spirillum and Vibrio Species. The nutritive requirements of 
various saprophytic species of the genera Spirillum and Vibrio have 
been studied by Giesberger (1936), Myers (1940), and others. The 
basal medium (pH 7.0 to 7.2) employed by Myers may be cited to 
illustrate the requirements of most of these organisms: 

MgS 04 0.5 g. Nitrogen source 1 g. 

K 2 HPO 4 0.5 g. Carbon source 5 or 10 g. 

CaCh 0.5 g. H 2 O 1,000 ml. 


Asparagine, NH 4 CI, KNO 2 , or KNO 3 served as a source of nitrogen, 
but, since ammonium chloride was utilized by most strains, it was 
employed in the greater part of the work. Lactate and pyruvate were 
generally used as a source of carbon, and glucose, levulose, glycerol, 
and ethyl alcohol served for some strains. Giesberger employed some 
twenty-three other carbon compounds in his study, but Myers found 
that the six just listed were the only ones of differential importance. 

Probably most of the saproph 3 rtic species of the genus Spirillum 
have simple nutritional requirements, but Dimitroff (1926) reported 
that Spirillum virginianum grew abundantly only in Uschinsky's 
protein-free media and other more complex substrates. The ingredients 
of Uschinsky’s medium are: 


Sodium aspartate ^ 3.4 g. 

(natrium aspara- 
ginicum) 

Ammonium lactate 6-7 g. 
Glycerol 30-40 g. 


K 2 HPO 4 2-2.5 g. 

MgS04-71l20 0.2-0.4g. 

CaCl 2 0.1 g. 

NaCl 5-7 g. 

H 2 O 1,000 ml 


Although abundant growth occurred in this medium, Dimitroff stated 
that inocula of three drops from a young beef-extract broth culture or 
from egg cube media were necessary to obtain good growth. This 
statement and the fact that Dimitroff did not carry out successive 
subcultures in the medium cast some doubt on whether Uschinsky^s 
medium is adequate for the growth of this species. Little or nothing 
is known about the carbon and nitrogen requirements of the organism, 
except that it does not produce acid or gas in sugar-containing media. 

• According to Mueller (1940), it is often incorrectly stated that the amide of 
aspartic acid, asparagine, was used by Uschinsky. 
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Escherichia'-Aerobacter-Klebaiella Species. The literature deal¬ 
ing with the nutrition of the species of these genera is large. Since 
many of the early studies are summarized by Knight (1936), they will 
not be discussed in these notes. 

The best-known species of these three genera are Escherichia coli, 
Aerobacter aerogeneSj and Klebsiella pneumoniae. Escherichia coli grows 
well on ordinary laboratory media, as well as in simple synthetic media 
such as the one (pH 6.8) used by Koser (1923): 


NH 4 H 2 P 04 

1 g- 

MgS04-7H20 

0.2 g. 

Carbon source 

2g. 

K 2 HPO 4 

1 g- 

NaCl 

5g. 

H 2 O 

1,000 ml. 


Besides ammonium phosphate other, more complex substances, such 
as commercial peptones, amino acids, and uracil, may serve as a sole 
source of nitrogen for E. coli; but such compounds as yeast nucleic 
acid, uric acid, allantoin, hydantoin, and urea are not utilized [Koser 
(1918), Koser and Rettger (1919), Mitchell and Levine (1938)]. Ajs a 
source of carbon and energy this species ferments a great variety of 
sugars, organic acids, and related compounds. For example, the 
organism produces acid and gas from arabinose, xylose, rhamnose, 
glucose, levulose, galactose, lactose, maltose, and mannitol. Sucrose, 
raffinose, salicin, esculin, dulcitol, and glycerol may or may not be 
attacked. Adonitol, inulin, and pectin are rarely utilized, and cello- 
biose and a-methylglucoside are not fermented. Several unusual 
glucosides [Twort (1907)], sugar alcohols and their anhydrides [Dozois 
et al. (1935, 1936, 1938)], and rare sugars [Poe and Klemme (1935), 
Field and Poe (1940)] are fermented by E. coli. The sodium salts of 
such organic acids as acetic, succinic, malic, lactic, mucic, and glyceric 
serve as a carbon and energy source for E. coli and Aerobacter aerogenes; 
but n-valeric, isovaleric, n-caproic, oxalic, salicylic, and o-phthalic 
are not utilized. Several organic acids support the gro^vth of some but 
not all of the coli-aerogenes group. Koser (1923) found, for example, 
that propionic acid permitted a slight or moderate growth of many of 
the fecal E. coli strains, whereas A. aerogenes cultures, with few ex¬ 
ceptions, were negative; tartaric acid was readily utilized by a few of 
the A. aerogenes strains, but not by E. coli. The most striking results 
were obtained with citric acid, on which all the A. aerogenes strains 
grew, whereas none of the E. coli did. A great deal has been written 
about some of the citrate-utilizing strains of the A. aerogenes group 
since Koser made his observation in 1923. Since many of them show 
characteristics which in the past were thought to be restricted to the 
better-known members of the coli-aerogenes group, they are now often 
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tenned intermediates or placed in a separate genus (Citrobacter), 
Mitchell and Levine (1938) construdted the follo\ving dichotomous 
chart, based on the utUization of various nitrogenous substances and 
on metabolic end products, to differentiate the colon group of bacteria: 


I 

VP test (+) 
Yeast nucleic acid (-f) 
Uric acid (-+-) 
Allantoin (+) 
Hydantoin (+) 


Aerohacter species 


Colon Group 


1 


VP test (-) 


Yeast nucleic acid (—) 
Uric acid (—) 
Allantoin ( —) 
Hydantoin ( —) 


I 

Citrate (+) 
Uracil (-) 
Urea (-}-) 

H2S (+) 
Indole (—) 

i 

Citrobacter species 


1 

Citrate ( —) 
Uracil (+) 
Urea (-) 

H2S (~) 

Indole (+) 

i 

Escherichia species 


Although Aerohacter aerogenes is very similar in many respects to 
E. coliy it differs in several ways, as can be seen from the dichotomous 
chart. The following substances serve as a sole source of nitrogen for 
this species: ammonium salts, commercial peptones, amino acids, 
yeast nucleic acid, uric acid, allantoin, and hydantoin; uracil and 
urea do not. As a source of carbon and energy many sugars, organic 
acids, and related compounds are attacked. For example, acid and 
gas are formed from arabinose, levulose, glucose, galactose, lactose, 
maltose, rafltoose, cellobiose, glycerol, sorbitol, inositol, salicin, esculin, 
starch, and dextrin; a-methylglucoside is usually fermented. Variable 
results are obtained with sucrose, mannitol, dulcitol, adonitol, inulin, 
and pectin; the organic acids attacked have been discussed. 

Klebsiella 'pneumoniae has many characteristics in common with 
A. aerogenes, A study of the nutrition of this organism was made by 
L6vy-Bruhl and Legrand (1930), who found that it would grow in the 
following synthetic medium (pH 7.8 to 8.0): 

NH 4 H 2 PO 4 0.75-1,0 g. Na2804 0.03 g. 

Carbon source 0.5-2.2 g. H 2 O (distilled) 100 ml. 

Phosphate was found to be essential, and sulfate greatly favored 
growth. As a source of nitrogen, ammonium salts, urea, and amines 
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(mono, di-, tri-, and tetraamines, proline, phenylalanine, and glu¬ 
cosamine) were utilized. As carbon and energy sources the organism 
used lactate, succinate, and tartrate especially well, and certain strains 
utilized ethyl alcohol and butyric acid. Some did not use lactose. 
Growth, virulence, and antigenic structure were the same in the 
synthetic medium as in ordinary laboratory media. 

Staphylococcus flavus. O^Kane (1941) found tha,t Staphylococcus 
flavus would grow in the following substrate (pH 7.0): 


NaNH4HP04 

1 g- 

NaCl 

0.01 g. 

Glucose 

10 g. 

FeS04-7Hi0 

0.01 g. 

K 2 HPO 4 

0.5 g. 

MnS04-4H20 

0.01 g. 

KHsP04 

0.5 g. 

H 2 O 

1,000 ml. 

MgS04-7Hs0 

0.2 g. 




Although the organism grew rather poorly in this medium, it synthe¬ 
sized riboflavin. As a source of carbon and energy this species usually 
fermented glucose and lactose, but not sucrose, glycerol, and mannitol. 

BACTERIA WHICH MAY USE A FORM OF NITROGEN LIKE 
THAT EMPLOYED BY THE PREVIOUS GROUP, BUT THRIVE 
BEST IF AMINO ACIDS, AMIDES, OR PURINES ARE PRESENT 

A great many saprophytic organisms and several disease-producing 
bacteria can be allocated to this group. Since it is possible to discuss 
here the nutritional requirements of only a few of the species, the 
monograph by Knight (1936) should be consulted for complete details. 

The nutritional characteristics of certain species of this class are 
not very distinct from those of some of the last group. In fact, many 
of these species will grow in simple media containing ammonium salts 
as a source of nitrogen, although they are usually stimulated by the 
presence of one or more amino acids or related substances. Another 
factor which prevents a rigid separation of this class from the preceding 
one is that certain strains of a given species in this group may utilize 
ammonium salts as a sole source of nitrogen, whereas others, which are 
indistinguishable by ordinary tests, must be supplied with a more 
complex source of nitrogen, such as tryptophan. Knight (1936) ap¬ 
plied the term nonexacting to those strains of a given species which can 
utilize a simple nitrogen source, such as ammonium salts, and the term 
exacting to those which require a more complex nitrogen source. Fi¬ 
nally it should be mentioned that certain exacting strains of a given 
species can be trained to grow in an ammonium salt medium by con¬ 
tinued subculture in substrates containing suboptimal amounts of 
amino acids. 
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Sarcina lutea. The recorded findings on the nutrition of Sarcina 
liUea serve very well to illustrate the points which we have just men¬ 
tioned, and probably the phenomenon of training can be used to ex¬ 
plain some of the discrepancies which occur in the literature on the 
nutrition of this organism. The strain of S. lutea studied by Koser 
and Rettger (1919) did not grow in media containing ammonium salts 
or a sin^e amino acid as a sole source of nitrogen, with glycerol or 
glucose as a carbon and energy source; however, it grew when a group 
of amino acids was employed as a nitrogen source. The strains used 
by Robertson (1924) grew for fifty subcultures in a synthetic medium 
consisting of asparagine, glucose, and inorganic salts. On the other 
hand, the strains employed by Rubenstein (1933) grew well on a simple 
inorganic salt medium (pH 6.8) containing the following ingredients: 

NH 4 CI or ammo- NaHCOg 1.3 g. 

nium lactate 1.9 g. KCl 0.5 g. 

Glucose 18 g. CaHP 04 0.3 g. 

NaCl 0.6 g. H 2 O 1,000 ml. 

In addition to glucose the following compounds served as a source of 
carbon and energy: lactate, pyruvate, succinate, malate, tartrate, 
glycerol, and glyceric aldehyde. The following substances failed to 
support growth: acetate, formate, propionate, oxalate, butyrate, ethyl¬ 
ene glycol, ethyl alcohol, methyl alcohol, acetaldehyde, and formalde¬ 
hyde. More recently Barron and Friedemann (1941) have shown that 
a strain of S. lutea is able to oxidize glucose, pyruvate, and several 
other related compounds, but that the organisms will not utilize these 
compounds under anaerobic conditions. Their experiments demon¬ 
strate clearly the distinction between aerobic and anaerobic metabolism 
(oxidation versus fermentation) by bacteria. 

Bacillus and Clostridium Species. Some of the species of the 
genus Bacillus grow very well in simple media containing ammonium 
salts or nitrates as a source of nitrogen. Other members of this group, 
however, thrive best in media containing one or more amino acids. 
For example, Glinka-Tschemorutzky (1933) found that Bacillus my- 
coides grew fairly well in a mineral solution ® with several ammonium 
salts as a source of nitrogen, and glucose as a source of carbon and 
energy; twelve amino acids also served as a source of nitrogen, but 
three (cystine, phenylalanine, and tyrosine) were unable to do so. 
However, better growth was obtained in the mineral solution contain¬ 
ing a mixture of the following fifteen amino acids: glycine, di-alanine, 

•Composition: MgS 04 - 7 H 20 , 0.6 g.; K 2 HPO 4 , 1.0 g.; NaCl, 0.1 g.; FeS 04 
0.02 g.; CaCb, 0.1 g.; distilled water, 1,000 ml. 
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di-phenylalanine, cJ-glutamic acid, t-aspartic acid, Weucine, d-arginine, 
and di-valine, all at 0.05 per cent; and ^cystine, i-tryptophan, i-tyro- 
sine, Z-proline, ]!-histidine*HCl, d-lysine-21101, and dZ-serine, all at 
0.025 per cent. Evidently the amino acids served as a source of 
nitrogen, carbon, and energy, because the addition of glucose to the 
medium did not improve the mass of gro^vth (see Table 6). The 
quantitative data in Table 6 show that the amino acid medium pro¬ 
duced a slightly greater mass of growth than did peptone media when 
cultivated under the same conditions (10 ml. of media, pH 7.8, in 
50-ml. Erlenmeyer flasks, at 30°C. for 7 days). 

TABLE 6 

Effect of Medium on the Growth of Bacillus mycoides 
[From Glinka-Tschernorutzky (1933)) 

Growth Measured as 
Milligrams of Bacterial 
Nitrogen (Kjeldahl) 
per 10 ml. of Media 
0.865 
0.878 
0.901 
0.906 
I 

I 0.354 

1 

0.380 


Medium 

Peptone (Witte) broth (0.5%) 

Peptone (Witte) broth (0.5%) + 0.5% glucose 
Mineral solution 4-15 amino acids 
Mineral solution + 16 amino acids + 0.5% glucose 
Mineral solution + 0.2% K2HPO4 + 0.1% NH4CI 
+ 0.5% glucose 

Mineral solution +0.1% ammonium phosphate + 0.5% 
glucose 


Heigener (1935) has described several new species of the genus 
Bacillus which grow well in an amino acid medium: 


KjHPO« 

1 g- 

MnSO. 

MgSO. 

0.2 g. 

Agar 

NaCl 

0.02 g. 

H*0 

FeS04 

0.01 g. 



0.01 g. 
16 g. 

1,000 ml. 


The following amino acids were present in concentrations of 0.02 M: 
dZ-valine, glycine, betaine (basic), betaine-HCl, dZ-alanine, dZ-phenyl- 
alanine, dZ-leucine, dZ-aspartic acid, and d-glutamic acid, as was the 
amide, asparagine. The reaction was adjusted to pH 7.5. The amino 
acids served as a nitrogen, carbon, and energy source for these organ¬ 
isms. 

Bacillus ardhracis is more exacting in its amino acid requirements 
than are most species of the genus Bacillus, Gladstone (1939) found 
that this species grew very well in a glucose-inorganic salt medium 
containing the following seventeen amino acids: dZ-aspartic acid, dZ- 
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valine, dWeucine, dt-alanine, di-glutamic acid, dWsoleucine, diphenyl- 
alanine, dilysine-HCl, glycine, iproline, ihydroxyproline, ityrosine, 
iarginine*HCl, ihistidine • HCl, icystine, dimethionine, and itrypto- 
phan. However, Gladstone found that an interrelationship exists 
between certain amino acids of similar chemical configuration, and this 
fact had a marked effect on the growth of B. anthracis. When valine, 
leucine, or isoleucine was added singly to a mixture of amino acids 
able to support growth without it, it completely prevented develop¬ 
ment. When the three were added together, however, growth was 
improved and accelerated. The toxic effect of valine could be counter¬ 
acted by leucine and vice versa, but that of isoleucine could not be 
neutralized by the presence of either valine or leucine. Norleucine 
was similar to isoleucine in its action. Similar interrelationships were 
found between valine and threonine, valine and a-aminobutyric acid, 
and threonine and serine. The toxic effect of serine could also be neu¬ 
tralized by a combination of valine and leucine, but not by either 
amino acid alone. Gladstone's results are very interesting and have a 
certain practical application. In investigations of the amino acid 
growth requirements of animals and bacteria the general procedure is 
to omit a single amino acid from a balanced diet and then note the 
effect on growth. An amino acid is regarded as indispensable if growth 
is impaired when it is omitted from the diet. Gladstone's results sug¬ 
gest that, before such statements are made, the effect of omitting two 
or more of the indispensable amino acids at one time should be investi¬ 
gated. With such a procedure it is possible that some may be found to 
be indispensable only in combination with others. 

Very few of the anaerobic bacilli of the genus Clostridium are known 
which can grow in simple amino acid media without the addition of 
growth factors. Barker and Peterson (1944), for example, have shown 
that Clostridium acidi-urici will grow in a simple mineral salt medium 
containing uric acid and thioglycolate as the only organic constituents. 
However, this organism is one of the few known examples of an an¬ 
aerobic spore-former with such simple nutritional requirements. 

Phytomonas and Other Phytopathogenic Species. Certain 
plant pathogens of the genera Phytomonas, Corynehacterium, and others 
probably belong to this nutritional group, although many of the species 
will grow in simpler media and therefore actually fit into the last class 
mentioned, whereas some are even more fastidious in their require¬ 
ments. For example, McCulloch (1929) found that certain strains of 
Phytomonas campestris, the organism which causes a vascular disease 
in rutabagas and cabbage, grew poorly in Uschinsky's medium, which 
contains nitrogen in the form of sodium aspartate and ammonium 
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lactate. Furthermore the gall-forming bacterium, Phytomonas tume- 
faciens, will grow in mineral media with nitrogen in the form of KNO 3 , 
NH 4 HSO 4 , NH 4 NO 3 , or ferric ammonium citrate [Sagen, Riker, and 
Baldwin (1934)]. However, the nutrition of P. twnefaciens has been 
studied in some detail by Mclntire, Riker, and Peterson (1941), and 
they have shown that amino acids, and even the vitamins riboflavin, 
thiamin, and pantothenic acid, stimulate growth in simple media. 
Certain inorganic substances, especially iron, manganese, and zinc, 
were also found to favor growth in a synthetic medium consisting of 
nutrient salts, glutamic acid, sucrose, and phosphate buffer of pH 7.0. 
Many organic nitrogen compounds will supply the nitrogen require¬ 
ments of P. tumefaciens. For instance, Sagen, Riker, and Baldwin 
(1934) found that acetamide, oxamide, succinimide, dicyandiamide, 
asparagine, urea, uric acid, and a number of amino acids, such as 
glycine, alanine, aspartic acid, and glutamic acid, serve as a sole 
source of nitrogen; but methylamine is not utilized. For carbon and 
energy the following compounds are utilized: arabinose, xylose, glucose, 
sucrose, maltose, rafSnose, glycerol, mannitol, sodium citrate, and 
sodium tartrate [Patel (1928-1929), Sagen, Riker, and Baldwin (1934)]. 

Starr and Weiss (1934) found that certain phytopathogenic bacteria 
of the genus Corynehacterium^ such as Corynebacterium fasciansy will 
grow in a chemically defined medium containing inorganic salts and 
asparagine. Many other closely related species, however, will not, 
and it is assumed that they require growth factors or other nutrients 
for development in a simple medium. 

Luminous Bacteria. Many of the so-called luminous bacteria, 
such as Photobacterium fischeri and Achromobacter harveyij will develop 
in inorganic media with simple organic compounds as a sole source of 
carbon. These species thus belong to the nutritional group last men¬ 
tioned. It is of interest, however, that certain other species, such as 
Photobacterium phosphoreum, will not grow unless methionine is added 
as an accessory factor [Doudoroff (1942)]. 

Enteric Group. Certain strains of the species which belong to the 
genera Proteusy Salmonellay Eberthellay ShigellUy and Vibrio are capable 
of growing in simple media where ammonium salts serve as the sole 
source of nitrogen; in Knight^s terminology these are nonexacting 
strains. Most of the strains which belong to these genera, however, 
need one or more amino acids for growth in simple media, and some 
even require growth factors; such strains, according to Knight (1936), 
are exacting in their requirements. Some of these exacting strains can 
be trained to do without the required amino acids by subculturing 
them in media containing suboptimal amounts of the acids, A good 
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example of such an experiment will be found in the paper by Fildes, 
Gladstone, and Knight (1933). 

In this section on the nutrition of the enteric group only one rep¬ 
resentative species, Eherthella typhosa, will be discussed. The nutritive 
requirements of the other members of the enteric group have been 
treated in detail by Knight (1936), whose monograph should be con¬ 
sulted for many interesting facts. In general, however, all the species 
have requirements very similar to those of the typhoid bacillus, except 
for the more exacting species which require growth factors for develop¬ 
ment in simple media. These species, which include some of the 
Salmonella and Proteus and many of the dysentery bacilli, will be 
mentioned on pp. 701 to 703. 

Eberthella typhosa. Certain strains of Eherthella typhosa will grow in 
a simple glucose-ammonium salt medium; many will grow in a similar 
substrate containing a single amino acid; and all of them can be grown 
without diflSculty in an aqueous mixture consisting of several common 
amino acids, nutritive salts, and glucose. The one essential amino 
acid is usually tryptophan [Fildes, Gladstone, and Knight (1933), 
Knight (1936), Johnson and Rettger (1943)], but Burrows (1939, 
1942) has studied one strain which will grow with either arginine or 
glutamic acid but not with tryptophan, and another that will grow 
with either tryptophan or lysine. Cystine and several other amino 
acids stimulate the growth rate of certain strains, but they cannot be 
considered essential, since development will occur in their absence. 
Recently Burrows (1942) has studied the effect of variation in the 
source of carbon and energy on the amino acid requirements of eleven 
strains of Eberthella typhosa. The basal medium to which amino 
acids and carbon compounds were added consisted of (NH 4 ) 2 S 04 , 
0.5 per cent; NaCl, 0.05 per cent; and KH 2 PO 4 , 0.2 per cent. The 
compounds used as a source of carbon and energy consisted of glucose, 
glycerol, lactic acid, pyruvic acid, and succinic acid; they were added 
in amounts of 0.1 per cent. The eighteen amino acids employed were 
added in quantities of 0.05 per cent, with the exception of cystine and 
tyrosine, which were added in amoimts of 0.001 per cent and 0.02 per 
cent, respectively. 

From Burrows' results (see Table 7) it is apparent that the amino 
acid requirements of the typhoid bacillus are by no means limited to 
tryptophan. In the glucose-containing media, which served as a 
control, there were three strains which grew neither in the glucose- 
ammonium salt solution alone nor in this solution with tryptophan 
added. One of these strains (no. 2) required either arginine or glutamic 
acid but not trytophan. One (no. 22) would not grow in any of the 
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TABLE 7 

Growth of Eherthella typhoaa Strains in Media Containing Various Amino 
Acids and Carbon Substances 


[From Burrows (1942)] 
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media employed. The third one (no. 28) would not grow in the 
presence of glucose and tryptophan but grew when lactic acid was 
substituted for glucose, although only in the presence of tryptophan. 
For strain no. 42 lysine could be substituted for tryptophan when 
glucose was present. Of the eleven strains used in this investigation 
four, or approximately one-third, differ from the so-called nutritive 
typical strains, which usually require tryptophan for growth in syn¬ 
thetic media containing glucose. Burrows also observed that the 
presence of different carbon compounds in the basal solution altered 
the amino acid requirements of these bacteria. Of the compounds 
tested, glycerol appeared to be the most favorable for growth, because 
more amino acids supported growth in combination with this compound 
than with any other substance. Lactic acid also appeared to be rela¬ 
tively favorable, but pyruvic acid and succinic acid were inferior to 
glycerol. Some of Burrows' data are presented in Table 7 to illustrate 
the points which have just been mentioned. 

In addition to the carbon compounds employed by Burrows levulose, 
galactose, xylose, maltose, raffinose, dextrin, glycerol, mannitol, and 
sorbitol are usually fermented with acid production by the typhoid 
bacillus; but lactose, sucrose, inulin, rhamnose, inositol, salicin, and 
usually arabinose and dulcitol are not attacked. 

In summary, we can say that the amino acid requirements of the 
typhoid bacillus are variable rather than fixed and that these require¬ 
ments may be made to differ for strains by alteration of the carbon 
compounds included in the chemically defined media. Although trypto¬ 
phan is required by most strains of Eherthella typhosa, it can sometimes 
be replaced by other amino acids. 

BACTERIA WHICH HAVE REQUIREMENTS SIMILAR TO THOSE 
OF THE PREVIOUS GROUP BUT IN ADDITION NEED ONE OR 
MORE KNOWN GROWTH FACTORS 

Several of the bacterial species which are allocated to this nutri¬ 
tional group actually have simple nitrogen and carbon requirements, 
but they differ from the bacteria which have been discussed in that 
they require an external supply of one or more growth factors before 
they will develop in simple media. This characteristic clearly suggests 
a loss of synthetic power on the part of these bacteria and means 
that they must find certain ‘'ready-made" substances in their environ¬ 
ment which are capable of taking part in cellular metabolism. A 
simple example of this group is Proteus vulgaris, which can carry out 
all its activities in an inorganic salt medium containing lactate and 
ammonium salts, providing nicotinic acid is also present. Other 
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species of this group, such as Proteus morganii^ are slightly more 
deficient in their synthetic powers, since they require one growth 
factor and one amino acid in ready-made form for growth in a mineral 
substrate containing glucose and ammonium salts. Still other species 
are more fastidious and require several growth factors and a mixture 
of amino acids. 

Acid-fast Bacilli: Genus Mycobacterium. The nutrition of sev¬ 
eral of the acid-fast bacilli of the genus Mycobacterium has been studied 
by various investigators. A brief discussion of three species will be 
given here. 

Mycobacterium tuberculosis is, of course, the best-known member of 
the acid-fast group. In primary isolation of this organism from in¬ 
fectious material complex media, such as a glycerol-potato medium 
or a glycerol-egg medium, must be employed. However, after primary 
isolation the bacterium can be grown on a simple synthetic medium 
such as Long’s (pH 7.0): 


Asparagine 

5g- 

MgS04 

1 g- 

Ammonium citrate 

5g- 

Ferric ammonium 


KH2PO4 

3g. 

citrate 

0.05 g. 

Na2C03 

3g. 

Glycerol 

25-50 g. 

NaCl 

2g. 

H2O 

1,000 ml, 


Comparatively large inocula (1.0 mg. or about five billion cells) must 
be used for each milliliter of medium. On the other hand, if subcul¬ 
tures are made on egg media, growth occurs regularly after plantings 
of 0.001 mg. of cells per milliliter of culture medium are used; and, if a 
potato medium is employed, growth takes place when an inoculum 
containing as little as 0.000000001 mg. is used [Uyei (1930)]. It is 
thus evident that the organism requires some additional factor for 
growth in simple media. 

Uyei (1927, 1930) tested the effect of several vitamins on tubercle 
bacilli in an effort to improve the growth of the organism in synthetic 
media. Cod-liver oil (rich in vitamins A and D) had little effect, but 
other vitamin-containing substances, such as Harris’ yeast preparation 
(1 : 1,000 dilution), orange juice (1 : 100), tomato juice (1 : 100), 
and cabbage juice (1 : 20), exerted a pronounced stimulatory effect. 
In a second report Uyei discussed the nature of the growth-promoting 
principles of the potato and stated that the proteins or salts in potato 
would not stimulate growth, but that the active ingredients remained 
in the residue after extraction with common organic solvents, such as 
acetone, alcohol, or ether. Investigation of the various components 
known to be present in the potato revealed two classes of stimulants 
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One was represented by inositol, maltose, and glucose, which were 
called metabolic stimulantSy because the members of this group stim¬ 
ulated the growth of tubercle bacilli only when the inoculum consisted 
of a large number of cells. The second class of stimulants was repre- 
lented by soluble starch and dextrin, which were termed reproductive 
stimulants, because they promoted growth regardless of whether the 
Inoculum contained a large number of cells or only a few. Later 
Boissevain and Schultz (1938) demonstrated a lipoid growth factor 
for the tubercle bacillus in extracts from egg yolk and from the liver 
and spleen of guinea pigs and rats. This factor was soluble in alcohol 
and insoluble in cold acetone. The addition of 0.3 per cent of the ex¬ 
tract from egg yolk to a modified Long^s medium permitted growth of 
tubercle bacilli after plantings of 0.000001 mg. In contrast, growth 
occurred only after seeding of 0.1 mg. of cells per milliliter on synthetic 
media without the egg yolk extract. The factor could not be replaced 
by lecithin, thiamin, nicotinic acid, uracil, inositol, riboflavin, indole- 
3-acetic acid, or a watery extract from egg yolk containing biotin and 
pantothenic acid. Heise and Steenken (1941) also found that thiamin, 
riboflavin, and pyridoxine did not stimulate the growth of the tubercle 
bacillus. 

Very little is known about the nitrogen and carbon requirements 
or the metabolism of Mycobacterium tuberculosis. A few amino acids, 
such as alanine, can usually serve as a sole source of nitrogen, and the 
organism can generally produce acid from glucose, maltose, lactose, 
sucrose, glycerol, and trehalose. Growth takes place between pH 4.5 
and 8.0, with an optimum between 7.0 and 7.6. Growth occurs best 
at 37°C. in an atmosphere of 40 to 50 per cent oxygen; little growth 
takes place under 30°C. or under strictly anaerobic conditions. 

The second acid-fast bacterixim which may be mentioned is Myco¬ 
bacterium leprae. According to Loving (1943), this species can be 
cultivated on a special medium having as a base alkaline nutrient agar, 
to which is added 1.0 per cent aqueous solutions of cysteine and cho¬ 
lesterol, 0.1 per cent tryptophan, sterile unheated rabbit serum, and 
0.1 to 1.0 per cent thiamin. Since the specific nutrients contained 
in the rabbit serum have not yet been determined, it is probable that 
the requirements of this species are still pretty much unknown. 

Mycobacterium paraiuberculosis (Johne's bacillus) was one of the 
first bacteria of which the growth-factor requirements were studied. 
Twort and Ingram (1912), Boquet (1939), and others have showed that 
certain other acid-fast bacteria, including the tubercle bacillus, contain 
a necessary growth factor for the primary isolation of Johne’s bacillus 
from infectious material. Crude concentrates of the active substance 
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have been prepared from Mycobacterium phlei by precipitation with 
barium salts. More recently Woolley and McCarter (1940) have 
studied the nutrition of this organism and have shown that two anti- 
hemorrhagic compounds are growth factors. They grew the organism 
on the following basal medium: 

Glycerol 70 ml. MgS 04 * 7 H 20 1 g. 

Asparagine 5 g. FeC6H607-3H20 0.063 g. 

NasCeKfiOT 0.5 g. H 2 O to 1,000 ml. 

K 2 HPO 4 1 g. 

The growth in this medium was very poor but was improved by adding 
dried cells or a filtrate of M. phleif or the antihemorrhagic compounds, 
phthiocol and 2-methylnaphthoquinone (see Table 8). It is possible 
that future studies with bacteria may be useful in the elucidation of 
the role of vitamin K in cell physiology. 

TABLE 8 

Growth of Johne’b Bacillus in Media Containing Antihemorrhagic 

Compounds 


[From Woolley and McCarter (1940)] 




Culture Medium 

Dry Weight of Johne^s 
Bacilli Produced per 
20 ml. of Media after 
3 Months' Growth, 
milligrams 

Assay 1 

Basal medium 


120 

tt 

tt 

+ dried Mycobacterium phlei cells 
(40 mg./ml.) 

260 

it 

tt 

+ phthiocol (10 /ig./ml.) 

207 

K 

It 

+ “ (1 Mg./ml.) 

250 

« 

tt 

+ “ (0.1 Mg./ml.) 

227 


tt 

+ “ (0.01 Mg./ml.) 

147 

Assay 2 

Basal medium 


139 

ti 

tt 

+ M. phlei filtrate • (0.06 ml./ml.) 

195 

n 

tt 

+ 2-mcthylnaphthoquinone (1 Mg-Zml.) 

167 

u 

tt 

+ « (0.16Mg./ml.) 

206 

it 

tt 

4- " (0.1 Mg./ml.) 

212 

tt 

tt 

+ “ (0.01 Mg./ml.) 

152 


♦ The filtrate from a culture of M, phlei grown on a synthetic medium was con¬ 
centrated by heat to about one-thirtieth of its original volume. 


Corynebacterium diphtheriue. The nutritional requirements of 
Corynebacterium diphtheriae and related species have been studied by 
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many workers. Since the early literature on this subject has been 
reviewed in some detail by Mueller (1940), we shall say here merely 
that, even though some early workers claimed that the diphtheria 
bacillus would grow in simple media, we now know that most strains 
refuse to develop in chemically defined media unless certain vitamins 
or an extract from fresh animal tissue, such as liver, is added. It is 
diflSicult to evaluate some of the early studies because of their lack of 
details concerning the purity of the materials employed, the size and 
nature of the inoculum used, the number of subcultures made, and the 
amount of growth observed. 

From 1933 to 1935 Mueller and his associates began a series of in¬ 
vestigations to determine the additional substances needed by the 
diphtheria bacillus for growth in chemically defined media. Since 
that time they have published an interesting series of papers on the 
separation and identification of the growth factors needed by this 
organism. Starting with a basal medium composed of acid-hydrolyzed 
casein fortified with cystine and glutamic acid, inorganic salts, and 
lactic acid, Mueller and Subbarow (1937) observed that certain com¬ 
ponents of liver extract (or meat extract) were essential for good growth 
of a strain of Corynehacterium diphtheriae. That there were at least 
two substances involved, which could be separated by ether extraction, 
was also demonstrated. The ether-extractable substance from liver 
could be replaced by concentrates of cow or horse urine, and on further 
investigation of these concentrates an active substance was isolated 
and identified as pimelic acid, HOOC(CH 2 ) 5 -COOH [Mueller (1937)]. 
Quantitative determinations of bacterial nitrogen showed that the 
stimulating effect of pimelic acid became evident at a concentration of 
about 0.005 /zg. per milliliter of medium and reached a maximum in 
five times this concentration. Other dibasic acids of the same series, 
from oxalic, HOOC COOH, to azelaic, HOOC (CH 2 ) 7 -COOH, ex¬ 
erted no growth-stimulating effect. The other fraction, that is, the 
ether-insoluble fraction, was subsequently shown to contain two active 
substances which were in turn identified as nicotinic acid [Mueller 
(1937)] and jS-alanine [Mueller and Cohen (1937)]; these compounds 
were active in amounts of approximately 1 /zg. and 2 /zg. per milliliter 
of medium, respectively. 

Although these results were soon confirmed by Evans and his as¬ 
sociates (1939) for a number of strains of diphtheria bacilli, other 
strains were shown to require certain inorganic ‘Trace^^ elements and 
pantothenic acid. Previously Mueller and Klotz (1938) had found 
that pantothenic acid could replace /3-alanine for their test strain, and 
it was suggested that /S-alanine was used by the organism to synthesize 
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pantothenic acid. From the results of Evans and his coworkers, how¬ 
ever, it appears that not all strains are capable of carrying out this 
synthesis. Mcllwain (1943) has also carried out an interesting study 
in this connection. It has been known for a few years that pantoyl- 
taurine, a compound structurally related to pantothenic acid, prevents 
or antagonizes the utilization of pantothenate. Furthermore it is 
known that certain strains of diphtheria bacilli are pantoyltaurine- 
resistant. Mcllwain, however, has shown that the presence of the 
drug (pantoyltaurine) is not necessary for resistant strains to develop. 
He proved this point after deriving very resistant strains by serial 
subculture of susceptible strains in media containing large amounts of 
/5-alanine and no pantothenate, or little ^-alanine and decreasing 
amounts of pantothenate. 

Studies by Mueller and others indicate that the nutritional require¬ 
ments of C. diphtheriae are complicated by many factors. In 1939 
Mueller investigated the possibility of obtaining an agar medium 
which could be used for diagnostic purposes. He believed that, since 
his medium contained no vitamin Bi, riboflavin, or other growth ac¬ 
cessories required by streptococci and pneumococci, it would be more 
or less selective for the diphtheria bacillus. Preliminary experiments 
with cultures from kno^vn cases of diphtheria showed that some cul¬ 
tures grew, but frequently no growth was obtained. Further investi¬ 
gation showed that the size of the inoculum was the controlling factor; 
when plates were streaked, even with strains which grew well in the 
liquid medium, growth was slow in starting, and on the more lightly 
inoculated areas of the plate individual colonies did not develop at all 
or developed only after two to three days. The indication was clear 
that a heavy inoculum introduced enough of some still unidentified 
factor to initiate growth, after which the growing organisms were able 
to elaborate the material and permit its diffusion into the surrounding 
medium. This deficiency of the agar medium could be corrected by 
adding small amounts of horse and beef serum or cows’ milk, but hu¬ 
man and hog serum possessed little activity. Subsequently Cohen and 
Mueller (1940) and Cohen, Snyder, and Mueller (1941) showed that 
the active substance in milk could be separated by extraction of the 
acid-precipitated casein with hot alcohol or cold acetone, and this 
substance has been identified by them as oleic acid, C 17 H 33 COOH. 
The maximal effect was obtained with about 1 mg. in 15 to 18 ml. of 
the basal agar medium. Later du Vigneaud, Dittmer, Hague, and 
Long (1942) presented evidence to show that pimelic acid was utilized 
by the diphtheria bacillus for the synthesis of biotin. In fact, pimelic 
acid could be eliminated from the medium, providing it was replaced 
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by biotin. It is of interest in this connection that pimelic acid is un¬ 
able to replace biotin in its growth-stimulating effect on yeast. Ap¬ 
parently yeast lacks the ability to synthesize the other component or 
to condense the necessary components into a molecule of biotin. 
Chattaway, Happold, Sandford, Lythgoe, and Todd (1943) have shown 
that certain strains of C. dipktheriae require other factors besides the 
ones just mentioned. 

Numerous attempts have been made by various workers to increase 
the potency of the toxin produced by the diphtheria bacillus by altering 
the medium on which the organism was cultivated, but relatively few 
workers have employed chemically defined media. One study in which 
success was obtained with a medium of known composition, however, 
was that by Pappenheimer, Mueller, and Cohen (1937). Using the 
Park no. 8 strain of C. diphiheriae, they obtained a toxin of the follow¬ 
ing potency: M.L.D. = 0.00075 ml.; L+ dose = 0.05 ml.; and Lf 
units = 36 per milliliter. The constituents of the medium employed 
in this study (medium II) are listed below. Recently Mueller and 
Miller (1941) have improved the medium for toxin production still 
further by reducing the NaCl and potassium-ion concentrations and 
by using shallower layers of media in the flasks. Using the improved 
formula, 5,000 M.L.D. or 100 Lf per milliliter of toxin may be routinely 
produced [see also Pappenheimer (1942)]. 

To summarize our information on the nutrition of the diphtheria 
bacillus, the composition of two media may be given. One (I) is the 
medium employed by Mueller (1938), which supported normal growth 
of a strain of C. diphtheriae, and the other (II) is the medium proposed 
by Pappenheimer, Mueller, and Cohen for toxin production. For 
complete details of the methods of preparation the original papers 
should be consulted. 

Medium Medium 



!♦ 

II ♦ 


I 


II 

l-Cystine 

70 

mg. 

20 mg. 

Pimelic add 

0.015 mg. 

0.1 

mg. 

di’Valine 

200 

mg. 

100 mg. 

Nicotinic acid 

0.23 

mg. 

0.2 

mg. 

dl'Methionine 

60 

mg. 

20 mg. 

^Alanine 

0.2 

mg. 

0.1 

mg. 

{•Tyrosine 

50 

mg. 

10 mg. 

KOI 

40 

mg. 



{-Proline 

75 

mg. 


NaCl 



500 

mg. 

{-Aspartic acid 

500 

mg. 


K2HPO4 



200 

mg. 

d-Qlutamio add 'HCl 750 

mg. 

500 rog. 

NafHP04 

300 

mg. 



Qlydne 



50 mg. 

MgS04*7H20 

100 

mg. 

80 

mg. 

d{-Leudne 



50 mg. 

CuS04*6Hj0 

0.25 

mg. 

0.25 mg. 

Ethyl alcohol 

0.7 

ml. 


CaCOs (in HCl) 

20 

mg. 



d-Lactio add 

1.76 ml. 


CaQi 



6 

mg. 

Sodium lactate 



740 mg. 

FeS04 *71120 

0.5 

mg. 



Maltose 



300 mg. 

MnClf4H|0 

0.26 

mg. 



Glucose 



150 mg. 

ZnO (in HCl) 

0.25 

mg. 







H2O to 

100 

ml. 

100 

ml 


* Medium 1 gave normal growth; Medium II yielded good toxin. 
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A few facts are available concerning the exact carbon, nitrogen 
(amino acids), sulfur, and inorganic requirements of the diphtheria 
bacillus and have been reviewed recently by Mueller (1940). 

Streptococci and Pneumococci. With very few exceptions the 
streptococci and pneumococci fail to grow in chemically defined media 
containing various salts, amino acids, and sugars unless infusions from 
animal tissues are supplied. In the past few years, however, consid¬ 
erable progress has been made in determining the exact nutritional 
requirements of these bacteria; in fact, media of essentially defined 
chemical composition can now be prepared which will permit massive 
growth of group A hemolytic streptococci [Bemheimer and Pappen- 
heimer (1942), Bemheimer, Gillman, Hottle, and Pappenheimer (1942)]. 
This fact does not mean, though, tliat all streptococci and pneumococci 
can be cultivated in media of known composition, because it has been 
pointed out by several workers that additional factors are required 
by certain strains. 

The factors essential for the growth of beta-hemolytic streptococci 
have been investigated recently by a number of workers [see Hutner 
(1938), Rane and Subbarow (1938), Subbarow and Rane (1938), 
Mcllwain and associates (1939), Woolley and Hutchings (1939), 
Pappenheimer and Hottle (1940), Hottle et al (1941), Woolley (1941), 
Bass, Berkman, and Saunders (1941), Bemheimer and associates 
(1942), Sprince and Woolley (1944), and others]. As a result of these 
studies the growth-factor requirements of certain strains of hemolytic 
streptococci have been pretty well established. The composition of 
the medium used by Pappenheimer and Hottle (1940) may be cited 
to give the student some idea of the complex requirements of the 
hemolytic streptococci of the Lancefield group A {StreptococciLS pyo¬ 
genes), Although this medium has now been improved by Bemheimer 
and Pappenheimer (1942) and others, its original formula still serves 
to illustrate the basal requirements of the group. It should be men¬ 
tioned also that many of the workers listed above helped Pappen¬ 
heimer and his associates in one way or another to work out some of 
the ingredients of their medium. This statement is not meant to imply 
that Pappenheimer and Hottle's work was not original, but rather 
that some progress had been made before their study. For example, 
Subbarow and Rane (1939), Mcllwain (1939), and Woolley and Hutch¬ 
ings (1939) had already shown that pantothenic acid was an essential 
factor for the growth of these organisms; Mcllwain, Fildes, Gladstone, 
and Knight (1939) had established the necessity for glutamine under 
certain conditions; Woolley and Hutchings (1939) had observed that 
riboflavin was an essential factor; and Mcllwain (1940) had shown the 
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need for vitamin Be. The complete medium employed by Pappen- 
heimer and Hottle (1940) is made up as follows: 

I. Forty milliliters of a stock solution of acid-hydrolyzed gelatin 
equivalent to 25 per cent gelatin is diluted with distilled H 2 O 
to 500 ml.; and 500 mg. of cystine dissolved in a few milliliters 
of dilute HCl, 3 g. of KH 2 PO 4 , 1 g. of anhydrous Na 2 HP 04 , 
and enough 5 N NaOH to bring the pH to 7.4 to 7.6 are added. 
The solution is boiled gently for 5 minutes and filtered. 

II. To the filtrate from I are added 50 mg. of tryptophan, 100 mg. 
of tyrosine, 15 mg. of adenine sulfate, 10 mg. of uracil, 0.2 mg. 
of nicotinic acid, 2 mg. of vitamin Be, 0.1 mg. of biotin con¬ 
centrate, and 2 ml. of salt mixture.^® The volume is made up 
to 900 ml.; the pH readjusted to 7.4 to 7.6; and the mixture 
tubed in 9-ml. amounts and autoclaved. 

HI. To each tube add 0.1 ml. of the following solutions which have 
been sterilized separately: vitamin Bi, 0.1 mg. per milliliter; ribo¬ 
flavin, 0.05 mg. per milliliter; calcium pantothenate, 0.1 mg. 
per milliliter; neutralized thioglycolic acid, 1 per cent, containing 
glutathione, 0.2 mg. per milliliter, and glutamine, 5 mg. per 
milliliter. The last three solutions are sterilized by filtration. 
Finally, add 0.5 ml. of 5 per cent glucose containing 0.04 per 
cent CaCl 2 - 2 H 20 . 

The hemolytic streptococcus strain (C203S) employed by Pappcn- 
heimer and Hottle grew very well in this complete medium, as can be 
seen in Table 9; in fact, the amount of growth, measured as bacterial 
nitrogen, was approximately equal to that in glucose broth. All the 
substances listed in Table 9 are essential for rapid growth with the 
exception of uracil, which, while not required, improved growth slightly. 
The effect of omitting each of the factors from the complete medium 
of Pappenheimer and Hottle is also indicated in Table 9; the figures 
listed in the second column of the table indicate the minimum amount 
of each substance necessary for optimum growth in 10 ml. of media. 

The nutrition of Lancefield group B streptococci {Streptococcus 
agalactiae or Streptococcus mastitidis) of human and animal origin has 
been studied by Niven (1943). All the strains employed required 
biotin, nicotinic acid, pantothenic acid, thiamin, and pyridoxine for 
development in a chemically defined medium consisting of twenty 
amino acids, glucose, sodium thioglycolate, and inorganic salts. A 
few strains also required riboflavin and an additional factor for op- 

“ MgS 04 * 7 H 20 , 26 g.; MnCl2*4H20,20 mg.; CUSO 4,6 mg.; FeS 04 - 7 H 20 , 2 mg.; 
and Z 11 SO 4 * 71120 , 2 mg., made up to 100 ml. with H 2 O slightly acidified with HCL 
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timum growth. Of the twenty amino acids employed, the following 
nine were shown to be essential: valine, leucine, isoleucine, phenyl¬ 
alanine, glutamic acid, arginine, lysine, histidine, and tryptophan; 
threonine, cystine, methionine, and tyrosine stimulated growth. 

Additional data on the growth of group C hemolytic streptococci 
(Streptococcus equi, ‘‘human etc.) in simplified media have been 
presented by Rogers (1944). Optimum growth occurred only when 


TABLE 9 


Growth of a Hemolytic Streptococcus Strain in Glucose Broth and a 
Chemically Defined Medium and the Effect of Omitting Certain 
Factors from the Chemically Defined Medium 

[From Pappenheimer and Hottle (1940)] 


Medium 

1. Chemically defined medium 



Amount 

Necessary 

for 

Optimum 

Growth 

Bacterial 

Nitrogen 

after 

40 Hours’ 
Incubation 
from 

10 ml. X 50, 
milligrams 

10-13 

glucose 

25,000 

Mg. 

0.1 

glutamine 

500 

Mg. 

Variable ♦ 

tyrosine 

1,000 

Mg. 

3.9 

tryptophan 

500 

Mg. 

0.8 

uracil 

100 

Mg. 

9.9 

adenylic acid (0.4 mm. 
CO 2 tension) 

100 

Mg. 

0.7 

C 02 (C 02 —free air) 

8 

mm. 

2.2 

thioglycolic acid 

1,000 

Mg. 

0.1 

glutathione 

4 

Mg. 

0.1 

thiamin 

0.01 Mg. 

3.1 

nicotinic acid 

1 

Mg. 

1.9 

pantothenate 

10 

Mg. 

0.2 

ribofiavin 

0.04 Mg. 

0.8 

vitamin B« 

20 

Mg. 

5.0-7.1 t 

biotin con(^ntrate 

1 

Mg. 

1.8 

10-17 


2. Broth (25 mg. glucose per 10 ml.) 

* No significant growth in 20 hours without glutamine; growth after 40 hours at 8 mm. CO 2 tension 
was variable. 

t No significant growth at atmospheric CO 2 tension without vitamin Be. 


uracil, or orotic acid, was present in the medium. The two pyrimidine 
derivatives were equally effective in increasing both the rate and the 
mass of growth of this group of streptococci. 

The nutritional requirements of the so-called enterococci belonging 
to the Lancefield serological group D have been studied by several 
workers [see Woolley and Hutchings (1940), Woolley (1941), Schuman 
and Farrell (1941), Niven and Sherman (1944), Mcllwain and Hughes 
(1944), Hutchings, Stokstad, Bohonos, and Slobodkin (1944)1. The 
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four major varieties or species within this group are: Streptococcus 
zymogenes, Streptococcus durans, Streptococcus fecalis, and Streptococcus 
liquefaciens. The organism called Streptococcus lactis R, which is used 
in the microbiological assay of folic acid, is actually a strain of S, fecalis 
[Gunsalus, Niven, and Sherman (1944)]. Of the reports mentioned 
above, the one by Niven and Sherman may be briefly summarized to 
show the requirements of this group. All of the nineteen cultures 
studied required pantothenic acid, nicotinic acid, pyridoxine, and 
biotin. Seventeen strains needed riboflavin; seven required folic acid. 
All the organisms grew in the absence of purine (adenine, guanine, 
xanthine) and pyrimidine (uracil) bases; but, when these substances 
were included in the basal medium, the growth rate of most strains 
was enhanced. When the hydrolyzed casein in the basal medium 
was replaced by thirteen amino acids, fourteen of the nineteen cul¬ 
tures were able to grow. 

The alpha-hemolytic streptococci, or the so-called viridans group, 
have recently been studied from a nutritional standpoint by Smiley, 
Niven, and Sherman (1943). A typical species {Streptococcus salivarius) 
was used for these experiments. It was found that the simplest medium 
which would support growth contained, in addition to inorganic salts, 
glucose, and sodium thioglycolate, the following substances: glutamic 
acid, leucine, arginine, isoleucine, lysine, methionine, riboflavin, nico¬ 
tinic acid, pantothenic acid, biotin, thiamin, and uracil. No other 
streptococci (groups A to H) were found to be capable of initiating 
growth in this medium except a few cultures of other species within 
the viridans group. 

The nutritive requirements of certain nonhemolytic streptococci, 
such as Streptococcus lactis, Streptococcus cremoris, and Streptococcus 
fecalis, have also received some attention. Orla-Jensen, Otte, and 
Snog-Kjaer (1936) and Wood, Andersen, and Workman (1937) found 
that the growth of certain strains of lactic acid-producing streptococci 
was improved by the addition of riboflavin; but the strains of S. lactis 
employed by Snell and Strong (1939) grew as luxuriantly in a medium 
containing no riboflavin as they did in its presence. These early studies 
(rf the lactic acid streptococci have been greatly extended by Smith 
(1943), Niven (1943), and Wright and Skeggs (1944). For example, 
twenty-one strains of S, lactis were used in the study by Niven. All 
cultures required pantothenic acid, nicotinic acid, and biotin for growth 
in a basal medium containing salts, glucose, hydrolyzed casein, purine, 
and pyrimidine bases. Eighteen of the twenty-one strains tested re¬ 
quired thiamin, whereas only one-third of the cultures required ribo¬ 
flavin. All strains were able to grow without added folic acid and 
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pyridoxine; however, pyridoxine stimulated growth. Glutamine and 
asparagine were necessary for the initiation of growth in all cultures 
tested. When the hydrolyzed casein was replaced by amino acids, it 
was observed that the demands by various strains were complex. At 
least fourteen amino acids were necessary before prompt growth oc¬ 
curred. Streptococcus fecalis, a nonhemolytic group D streptococcus, 
was cultivated in a chemically defined medium consisting of panto¬ 
thenic acid, vitamin Be, riboflavin, glucose, a salt mixture, and six 
amino acids (arginine, glutamic acid, methionine, tryptophan, tyrosine, 
and valine) by Schuman and Farrell (1941). The addition of other 
substances, such as glutathione, nicotinic acid, betaine, glucosamine, 
uracil, xanthine, hypoxanthine, glutamine, sodium sulfide, and reduced 
iron, described by other workers as stimulating for certain hemolytic 
streptococci, did not measurably increase the growth of this strepto¬ 
coccus. 

The nutritional requirements of pneumococci of types I, II, V, VII, 
and VIII were studied by Rane and Subbarow (1940), who found that 
types I, II, V, and VIII grew in a medium consisting of gelatin hydroly¬ 
sate, certain additional amino acids (d-glutamic acid and cystine), 
inorganic salts, glucose, choline, nicotinic acid, pantothenic acid, and 
thioglycolic acid; the addition of riboflavin gave slightly increased 
growth but was not essential. It was also observed that the following 
amino acid medium could be substituted for the hydrolyzed gelatin 
substrate with types II, V, and VIII but was deficient for the growth 
of type I: 

Amino Acid Medium ♦ for Pneumococci 


d-Glutamic acid 

1 g- 

Z-Phenylalanine 

0.01 

g- 

Glycine 

0.25 g. 

Z-Oxyproline 

0.01 g. 

Z-Asparagine 

0.20 g. 

KH 2 PO 4 

5 

g* 

dZ-Leucine 

0.15 g. 

NaCl 

2.5 

g- 

cZ-Arginine carbonate 

0.075 g. 

MgS04 

1 

g- 

dZ-Alanine 

0.05 g. 

Glucose 

5 

g- 

dZ-Lysine • 2HC1 

0.05 g. 

Pantothenic acid 

1 

mg. 

dZ-Methionine 

0.05 g. 

Choline 

2.5 

mg. 

Z-Cystine 

0.05 g. 

Nicotinic acid 

50 

mg. 

dZ-Histidine • HCl 

0.025 g. 

Riboflavin 

0.1 

mg. 

Z-Tryptophan 

0.025 g. 

Thioglycolic acid 

50 

mg. 

jS-Alanine 

0.025 g. 

H 2 O (distilled) 

1,000 

ml. 

Norleucine 

0.015 g. 





♦ For the details of preparation the original paper by Rane and Subbarow (1940) 
should be consulted. 


No growth was observed with type VII pneumococcus in either the 
hydrolyzed gelatin medium or the amino acid substrate. The addition 
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of purines, pyrimidines, vitamin Bi, vitamin Be, thiochrome, and 
glucosamine did not alter the situation. 

More recently Bohonos and Subbarow (1943) have shown that 
biotin is an essential growth factor for twenty-six types of pneumococci. 
Badger (1944) and Gibert (1944) have also studied the nutrition and 
the structural specificity of choline for the growth of types I, II, and 
III pneumococci. In general, their results on the nutrition of the 
pneumococci confirm those of Rane and Subbarow. However, ascorbic 
acid was found to be a better reducing agent than thioglycolic acid, 
and the addition of asparagine, creatine, purine and pyrimidine bases, 
and thiamin to the basal medium increased the rate of growth, although 
they were not essential. When some thirty-five compounds chemically 
related to choline [(CH3)3N(C1)—CH 2 —CH 2 OH] were tested for their 
ability to replace choline in the nutrition of pneumococcus type III, 
it was found that the active compounds all contained a N—C—C—OH 
or a N—C—C—C—OH linkage. Substitution of ethyl or methyl 
groups on the nitrogen or a-carbon atoms usually increased the activ¬ 
ity, but the addition of a phenyl group to the nitrogen atom or a 
carboxyl group to either carbon atom inactivated the molecule. Fur¬ 
thermore the hydroxyl group had to remain free, since any substitution 
of or through this group resulted in the loss of activity. The fact that 
ethanolamine, but not acetylcholine, methionine, or betaine, can replace 
choline suggests the formation of phospholipides as the most likely 
explanation of the action of choline in pneumococcal metabolism. 

Staphylococci. Information on the exact growth-factor require¬ 
ments of the staphylococci begins with a paper by Hughes in 1932. 
He obtained a fraction from meat extract which permitted multiplica¬ 
tion of Staphylococcus aureus in substrates, such as Uschinsky’s medium 
or a hydrolyzed casein medium, which normally are incapable of sup¬ 
porting continued growth. The active material was concentrated to a 
point where the addition of 0.02 /ig. per milliliter of hydrolyzed casein 
medium supported growth. It was soluble in water, alcohol, and ace¬ 
tone but insoluble in ether and benzene; it was thermostable at pH 7.0 
and was dialyzable. Knight (1935) obtained a similar fraction from 
yeast extract (marmite) which allowed growth of certain strains of 
staphylococci to take place when as little as 0.004 pg. per milliliter was 
present in a deficient basal medium consisting of acid-hydrolyzed gel¬ 
atin, glucose, and salts. Subsequently it was found possible [Fildes, 
Richardson, Knight, and Gladstone (1936), Gladstone (1937)] to re¬ 
place the gelatin hydrolysate in the basal medium with a mixture of 
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sixteen amino acids.^*^ Later Knight (1937) resolved the active marmite 
fraction into three parts, two being the pyrimidine and thiazole com¬ 
ponents of vitamin Bi and the third being nicotinamide. Vitamin Bi 
was adequate in 0.002 fig. per milliliter, and nicotinic acid or its amide 
in 0.2 fig. per milliliter of the amino acid-glucose medium. 

The specificity of the components of vitamin Bi and related deriva¬ 
tives, as well as of several pyridine compounds closely related to nico¬ 
tinic acid or its amide, was the subject of a careful study by Knight 
and Mcllwain (1938). Their results emphasize that vitamin Bi and 
nicotinamide are quite highly specific for the growth of staphylococci. 
Only very limited departures from these structures are permissible if 
growth activity is to be maintained. For the anaerobic growth of 
S. aureus Richardson (1936) has demonstrated that uracil must be 
added to the medium in addition to the above compounds. 

After these reports a study was undertaken by Porter and Pelczar 
(1941) to determine whether the quantity of growth produced by 
S. aureus in the chemically defined medium of Gladstone (1937) was 
equal to that obtainable in standard glucose-meat-infusion broth. 
The results revealed that the chemically defined medium was inferior 
to the broth. When the basal chemically defined medium was fortified 
with the following growth factors and related substances, there was 
no demonstrable influence on growth: riboflavin, pimelic acid, gluta¬ 
mine, vitamin Be, inositol, pantothenic acid, cocarboxylase, cozymase, 
glutathione, uracil, guanine, adenine, adenylic acid, adenosine triphos¬ 
phate, and several additional amino acids. Evidently some other 
unidentified factor is still needed for the optimum growth of staphylo¬ 
cocci in synthetic media. Another interesting point in connection 
with the study by Porter and Pelczar (1941) was that two strains 
which they employed could not initiate growth on continued subcul¬ 
ture in the chemically defined medium. A study of these strains 
revealed that a biotin concentrate was required for growth. 

Kogl and van Wagtendonk (1938) previously showed that as little 
as 5 X lO”*® fig. of the pure methyl ester of biotin stimulated the 
growth of S. aureus in the medium described by Knight (1937), but 

“ Briefly, the medium contained the following sixteen amino acids: d2-alanine, 
cK-valine, glycine, dMeucine, i-prolinc, i-oxyproline, i-aspartic acid, and cS-glutamic 
acid, each in a final concentration of 0.0006 M; cU-phenylalanine, i-tyrosine, 
d-arginine-HCl, Wiistidine-HCl, and ett-lysine, each in a final concentration of 
0.00025 M; Z-tryptophan (0.00006 M), i-cystine (0.0001 M), and (fi-methionine 
(0.00002 M). In addition to the amino acids the medium contained nicotinamide 
(10~^ M), thiamin (vitamin Bi) (10“^ M), glucose (0.6 per cent), and inorganic 
salts (KH2PO4, MgS 04 - 7 H 20 , FeS 04 , and (NH 4 ) 2 S 04 - 6 H 20 ). The pH was 7.2 
to 7.4. 
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apparently the growth factor was not essential for their strain, because 
it was able to grow in the basal medium without biotin. Similar results 
were obtained by Sartory, Meyer, and Netter (1939). 

The effect of various factors, including shaking of cultures, amino 
acids, sugars, polyhydric alcohols, organic and inorganic salts, oxygen, 
and CO 2 , on the production of staphylococcus a-hemolysin in chem¬ 
ically defined media has been studied by Gladstone (1938) [see also 
Gasman (1940)]. 

Koser, Finkle, Dorfman, Gordon, and Saunders (1938) observed that 
a strain of Staphylococcus albus developed in a medium of known 
composition containing thiamin and nicotinic acid, but growth was 
considerably slower than that secured in broth or after the addition of 
fractions of spleen preparation to the chemically defined medium. 
Evidently something else was needed by this strain for optimum 
growth. This factor may have been vitamin Be, since Vilter and Spies 
(1940) have shown that pyridoxine, 0.3 to 1.2 yg. per milliliter of 
medium, serves as an accessory growth factor for /S. albus. 

Hemophilus influenzae and Hemophilus pertussis. In 1917 
Davis demonstrated that Pfeiffer’s bacillus {Hemophilus influenzae) 
required two factors for growth in peptone broth: one a thermostable 
compound contained in or derived from hemoglobin; the other a 
thermolabile substance present in the tissues of various plants and 
animals and synthesized by many bacteria other than H, influenzae. 
In the next few years after the report by Davis numerous studies [see 
Olsen (1920), Thjotta and Avery (1921), Fildes (1921 to 1924), and 
Rivers (1922)] appeared on the nutrition of the Hemophilus group of 
bacteria. In general these reports confirmed and extended Davis’ 
work. One point which should be mentioned, however, is that Thjotta 
and Avery (1921) suggested the terms X-factor for the growth substance 
contained in blood pigments and V~factor for the substance present in 
tissue extracts; this V-factor was likened to a vitamin. 

Later Lwoff and Lwoff (1937), Bass, Berkman, Saunders, and Koser 
(1941), Hoagland, Ward, Gilder, and Shank (1942), Gingrich and 
Schlenk (1944), and others reinvestigated the nutrition of certain 
Hemophilus species. The Lwoffs discovered that the so-called V-factor 
needed by certain Hemophilus species was actually the coenzyme,, di- 
or triphosphopyridine nucleotide. Using a culture medium consisting 
of proteose-peptone (Difco) 20 g., NaCl 6 g., distilled water 1,000 ml., 
and NaOH to bring it to pH 7.6, they found that H, parainfluenzae 
would multiply only if the coenzyme was added and, furthermore, that 
the oi^ganism was unable to synthesize the factor when it was supplied 
with the coenzyme components (Adenine + Pentose + Phosphoric 
acid + Nicotinamide). More recently, however, Schlenk and Gingrich 
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(1942) and Gingrich and Schlenk (1944) have observed that both nico¬ 
tinamide nucleoside (consisting of nicotinamide and pentose) and 
desaminocozymase (a derivative in which the adenylic acid portion 
of the molecule is replaced by inosinic acid) can serve as V-factor. 
This fact indicates that the adenylic acid portion of the coenzyme 
molecule is of minor importance in the growth of this organism. Al¬ 
though the Lwoffs found that optimum growth occurred when 0.004 ng. 
of di- or triphosphopyridine nucleotide was present per milliliter of 
medium, the maximum dilution compatible with the development of a 
bacterial cloudiness visible to the naked eye was about 1/270,000,000 
to 1/600,000,000 (dry weight of coenzyme). Using a basal medium 
consisting of veal infusion-peptone broth plus 0.2 per cent dextrose 
and 0.15 fxg. of diphosphopyridine nucleotide per milliliter, Bass, 
Berkman, Saunders, and Koser (1941) found that highly purified 
preparations of catalase were capable of replacing both hemin (the 
X-factor) and coenzyme I (the V-factor) in the nutrition of H. injlvr 
enzae. They observed also that, in addition to X- and V-factors, the 
influenza bacilli appeared to require one or more other factors which 
could not be replaced by pantothenic acid, cocarboxylase, riboflavin, 
ascorbic acid, vitamin Be, or inositol. 

Homibrook (1940) reported that nicotinic acid or its amide (0.5 to 
0.001 Mg* per milliliter) favored the growth of Hemophilus pertussis 
in a medium consisting of amino acids, soluble starch, and salts. 

Proteus vulgaris and Proteus tnorganiL The early literature on 
the growth requirements of the various Proteus species is conflicting 
[see Knight (1936)]. Some workers have asserted that all nitrogen 
requirements can be satisfied by ammonium salts or amino acids, 
whereas others have failed to obtain continued growth imder these 
conditions. Probably both groups were partly correct, but they failed 
to realize the possibility of nonexacting and exacting strains. 

In 1938 Fildes studied the nutritional requirements of ten strains 
of Proteus vulgaris and Proteus X19 and found that nicotinic acid was 
the only nitrogenous substance required in their metabolism which 
could not be synthesized from ammonium salts. The medium em¬ 
ployed by Fildes (1938) had a pH of 7.6 and contained the following 
ingredients, the mixture being tubed in 4.5 ml. quantities and auto¬ 
claved: 

KH 2 PO 4 4.5 g. Lactate (0.5 M) 50 ml. 

(NH 4 ) 2 S 04 0.5 g. H 2 O (distilled) to 900 ml. 

NH 4 CI 0.5 g. 

Prior to inoculation with the test organism, each tube of this medium 
was fortified with the following materials from sterile stock solutions; 
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FeS 04 (NH 4)2 ‘ SO 4 • 6 H 2 O ( 0.002 M in 0.02 M HCl) 0.12 ml. 
MgS04*71120 (0.4 per cent in H 2 O) 0.05 ml. 

Nicotinic acid (10“^ M in H 2 O, final concentration 
2 X 10-® M) 0.10 ml. 

H 2 O (distilled) to a final volume of 5 ml. 


Lwoflf and Querido (1939) soon confirmed the results of Fildes and, 
in addition, tested the ability of various pyridine compounds to replace 
nicotinic acid. After these reports Pelczar and Porter (1940) studied 
189 strains of Proteus vulgaris and related species from the standpoint 
of their ability to grow on continued subculture in Fildes' medium 
containing nicotinic acid or one of 13 other related pyridine com¬ 
pounds. Their results showed that several pyridine compounds were 
biologically active besides nicotinic acid or its amide; further details 
on this subject will be found on pp. 730 to 731 on the growth factors 
and their physiological role in microorganisms. Pelczar and Porter 
also showed that the nutritional requirements of strains allocated to 
the genus Proteus were not uniform, since some strains were capable 
of growing in the absence of the pyridine compounds, whereas others 
failed to grow even when such compounds were present. All 37 strains 
of Morgan's bacillus {Proteus morgami) employed were unable to 
grow in Fildes' medium, but in later reports Pelczar and Porter (1940, 
1941, 1943) announced that, when pantothenic acid and cystine were 
added to the medium, the strains of Proteus morganii grew very well. 

Salmonella and Shigella Species. Certain species of Salmonella 
have nutritional requirements very similar to those of Eberthella 
typhosa, which has been discussed. Other species, however, are more 
fastidious in their requirements. For example, all the strains of Salmon¬ 
ella gallinarum studied by Johnson and Rettger (1943) were found to 
require thiamin for growth in a chemically defined medium containing 
amino acids, glucose, and inorganic salts, and some strains of Salmonella 
pullorum needed nicotinic acid. 

Most strains of Shigella dyseriieriae will not grow on continued sub¬ 
culture in the usual chemically defined media consisting of amino acids, 
glucose, and salts which support the growth of other enteric organisms. 
However, if a small quantity of extract from liver, spleen, or yeast is 
added to such media, luxuriant growth takes place. Until recently .the 
nature of the active substance in such extracts was unknown. After 
considerable work several investigators [see Koser, Dorfman, and 
Saunders (1938, 1940), Dorfman, Koser, Reames, Swingle, and Saund¬ 
ers (1939), Koser and Wright (1943)] at the University of Chicago 
showed that the factor in extracts from spleen tissues was nicotinic 
acid. Here is the final medium (pH 6.8 to 7.0) they proposed for the 
cultivation of these organisms: 
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K 2 HPO 4 1 g. 

MgS04-7H20 0.1 g. 

Z-Glutamic acid and ^-alanine, each 0.5 g. 

Glycine, Z-lysine*2HCl, Z-tryptophan, and Z-histidine-2HCl, each 0.2 g. 

Z-Tyrosine 0.05 g. 

cZZ-Valinc, Z-leucine, dZ-phenylalanine, Z-cystine, Z-proline, Z-hydroxy- 
proline, dZ-methionine, and Z-arginine, each 0.1 g. 

Glucose 2 g. 

Nicotinic acid or amide 0.1-0.004 g. 

H 2 O (redistilled) 1,000 ml. 


Other known growth factors, with the exception of di- or triphosphopyr- 
idine nucleotide (coenzyme I or II), were not capable of replacing, 
either partially or completely, nicotinic acid or its amide. Nicotina¬ 
mide was at least ten times as potent as nicotinic acid when cultural 
development was compared 24 hours after inoculation. The activities 
of twenty-four compounds structurally related to nicotinic acid were 
studied also; the results of this phase of the work are discussed on 
page 730 on bacterial growth factors and their physiological role in 
microorganisms. 

Several other workers have also studied the vitamin requirements 
of certain dysentery bacilli. For example, Bovarnick (1943) recorded 
an interesting observation in connection with the nicotinamide require¬ 
ments of this organism and other species of bacteria. After heating 
a neutral solution of glutamic acid and asparagine for several days at 
100°C., she found that it could be substituted for nicotinamide as a 
growth factor for several strains of dysentery bacilli, staphylococci, 
and certain lactic acid bacilli. The explanation of this phenomenon 
is unknown, although others have observed that heating certain 
ingredients of media improves growth [see Snell (1942), Smiley, Niven, 
and Sherman (1943)]. Weil and Black (1944) observed that with 
Shigella paradysenteriae Flexner cultures, pantothenate, in addition 
to nicotinic acid, is needed by some strains, whereas other cultures 
require still another factor. 

Little is known about the carbon and nitrogen requirements of the 
dysentery bacilli. They ferment a few sugars, such as glucose, with 
acid production, but with very few exceptions they never form gas 
from carbohydrates. Although most strains require amino acids in 
the medium for growth, some, such as Shigella parodysenZmoc-Sonne, 
which was employed by Isbell, Wooley, Butler, and Sebrell (1941), 
can utilize ammonium salts as a source of nitrogen. Therefore, in 
Shigella, as in many other organisms of the enteric group, exacting 
and nonexacting strains are known to exist. 
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Brucella and Pasteurella Species. In the past several workers 
reported that certain strains of Brucella would develop in media of 
known composition without the addition of growth factors but that 
fairly large inocula were necessary before growth occurred [Zobell 
and Meyer (1932)]. The failure of Brucella species to grow on contin¬ 
ued subculture in chemically defined media composed solely of amino 
acids, salts, and a nonnitrogenous source of energy presents a decided 
contrast to the prompt growth in media containing infusions of meat, 
liver, or yeast. Although these substances contain some factor neces¬ 
sary for growth, their exact nature has remained obscure until recently. 
Preliminary reports by Kerby (1939) and others shed some light on 
the subject, but, since the basal media employed usually supported 
growth by themselves, it was not clear whether the accessory sub¬ 
stances used were actually essential. 

Later Koser, Breslove, and Dorfman (1941) studied the growth- 
factor requirements of representative species of the Brucella group. 
They found that seven out of eight strains grew on continued subcul¬ 
ture in a medium consisting of seventeen amino acids, glucose, and 
inorganic salts. The significant accessory factors required were thi¬ 
amin, nicotinamide, pantothenic acid, and probably biotin; however, 
not all these factors were actually required by all strains. Thiamin 
and nicotinamide supported the growth of four cultures, although the 
development was slow for some strains. The presence of pantothenic 
acid accelerated growth, and the further addition of a biotin concen¬ 
trate permitted the gro\vth of three of the remaining four strains. 
Other factors, such as riboflavin, vitamin Be, adenine, inositol, and 
glutamine, did not substitute for the required factors and, when 
supplied along with those needed for growth, did not accelerate cell 
multiplication. Diphosphothiamin (cocarboxylase) and diphosphopyr- 
idine nucleotide (coenzyme I) were of no greater value than thiamin 
and nicotinamide, respectively. Although a biotin concentrate was 
required by some cultures, it produced no marked stimulation of 
several other cultures which were able to develop without it. Growth 
of some, but not all, strains was facilitated by thioglycolic acid. On 
the assumption that the effect of the thioglycolic acid was due to 
lowering of the oxidation-reduction potential, it was concluded that 
different strains varied in their potential requirements. Of consider¬ 
able interest and importance was the fact that the presence of certain 
concentrations of salt in the basal medium proved to be important, 
the optimum amount of NaCl being from 0.6 to 1.0 per cent. With 
decreasing amounts of NaCl in the complete medium, progressively 
slower growth occurred until with 0.1 per cent or less most cultures 
failed to grow. The effect of NaCl was apparently to provide the proper 
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osmotic relationship, since other salts could be substituted for sodium 
cliloride. These results have since been confirmed and extended by 
McCullough and Dick (1942, 1943). 

The nutritional requirements of the plague bacillus (Pasteurella 
pestis) have been studied in some detail by Rao (1939 to 1940). Sev¬ 
eral strains of this species grew very well in the following amino acid 
medium: 


dZ-Proline 

140 mg. 

dl-Jjeucine 

180 mg. 

^/-Phenylalanine 

214 mg. 

(//-Methionine 

150 mg. 

Z-Cystine 

80 mg. 

(//-Valine 

130 mg. 

dZ-Alanine 

120 mg. 

Bacterial ash 


d-Glutamic acid 

100 mg. 

equivalent to 

50 mg. 

Glycine 

100 mg. 


of bacteria 

/-Tyrosine 

128 mg. 

0.033 M Phosphate 


d/-Serine 

140 mg. 

buffer at pH 7.4 

50 ml. 

d/-Isoleucine 

130 mg. 

H 2 O to 

1,000 ml. 


The amino acids proline, phenylalanine, and cystine were found to be 
indispensable; although glycine and several other amino acids were 
not essential, they were stimulatory. It was also observed that the 
plague bacillus oxidized carbohydrates more easily than it did organic 
acids or amino acids. Those substances which underwent pronounced 
oxidation fell into the following series of relative oxidation rates: 

Carbohydrates: mannose > glucose > fructose > galactose > hex- 

ose diphosphate > maltose > mannitol > arabinose > lactose 

> rhamnose > xylose > sucrose > dulcitol. 

Organic acids, lactate > pyruvate > acetate > formate > malate 

> succinate > citrate > tartrate. 

Amino acids: serine > alanine > proline > cystine > glutamate 

> glycine > phenylalanine > tyrasine > methionine. 

From these results it w£is concluded that the best energy and carbon 
sources with which to fortify media are glucose and lactate. The effect 
of hematin, cozymase (diphosphopyridine nucleotide), thiamin, nico¬ 
tinic acid, alloxazine-adenine dinucleotide, and /3-alanine on the growth 
and metabolism of Pasteurella pestis was also studied. Hematin 
(20 jLtg./ml.) was found to be. highly active in reducing the lag in the 
growth of the bacillus in the foregoing amino acid medium. Cozymase 
(10 Aig./ml.), thiamin (10 nicotinic acid (20 /ig./ml.), and 

/3-alanine (20 pg./vcA.) possessed similar but less marked activity; the 
flavin (0.02 mg./ml.) had little or no effect. Hematin, thiamin, and nic¬ 
otinic acid, when combined, had a greater effect on growth than when 
tested separately. Hematin, cozymase, thiamin, and nicotinic acid 
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stimiilated the respiration (O 2 uptake) of actively growing cultures of 
P. pestis, Doudoroff (1943) has also showed that cystine, phenyl¬ 
alanine, and proline are required by P. pestis^ but he was unable to 
demonstrate any growth-stimulating effect by hematin, biotin, panto¬ 
thenic acid, p-aminobenzoic acid, riboflavin, nicotinic acid, thiamin, 
or pyridoxine for the strains he used. 

Berkman, Saunders, and Koser (1940) studied the growth-factor 
requirements of Pdsteurella avicida and Pasteurella boviseptica in a 
chemically defined medium consisting of several amino acids, glucose, 
and salts. Thirteen of the seventeen strains that they used grew well 
in the basal medium, providing nicotinamide (0.1 jug./ml.) and panto¬ 
thenic acid (0.1 Mg-/uil.) were present. None of the growth factors 
alone was effective, and pantothenic acid could not be replaced by 
jS-alanine. The other four cultures produced a scantier, though still 
distinct, growth in the basal medium containing nicotinamide and 
pantothenic acid; but, when the so-called butyl factor (probably 
biotin) was added, prompt and vigorous growth of three of the four 
cultures resulted. Other substances, such as riboflavin, vitamin Be, 
inositol, and glutamine, apparently had no effect on the growth of 
these organisms. 

The cultivation of Pasteurella iularensis in simplified media was 
reported by Tamura and Gibby (1943) and Steinhaus, Parker, and 
McKee (1944). Tamura and Gibby, for example, obtained slight 
growth in a basal medium containing cystine and thirteen other amino 
acids, glucose, inorganic salts, pantothenate, pimelic acid, nicotinic 
acid, and liver concentrate. The nature of the growth factors in the 
liver concentrate was not determined, but the concentrate could 
not be replaced by various combinations of known substances, such 
as biotin, adenine, guanine, and uracil. 

Acetobacter Species (Acetohacter suboxydans). It was men¬ 
tioned earlier in this chapter that only a few acetic acid bacteria 
{Acetobacter aceti) will grow on simple substrates without the addition 
of yeast extract or other similar substances. The nature of the com¬ 
pounds in yeast extract required by A, suboxydans has been deter¬ 
mined by Lampen, Underkofler, and Peterson (1942), Underkofler, 
Bantz, and Peterson (1943), and Landy and Streightoff (1943).* In 
addition to a suitable carbon source, organic nitrogen, and mineral 
salts the medium must contain pantothenic acid, p-aminobenzoic acid, 
and nicotinic acid for the growth of this species. Certain purine bases 
also favor development. 

Lactobacillus and Propionibacterium Species (Lactic and 
Propionic Acid Bacteria). The true lactic and propionic acid bac¬ 
teria are quite fastidious in their growth requirements; in fact, they 
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grow very poorly, if at all, on common laboratory media unless milk, 
yeast extracts, or other tissue extracts are added. The early work on 
the nutrition of these organisms is adequately covered in several of 
the reviews mentioned earlier in the chapter. 

In the past few years a great many studies have been published 
on the nutrition of the various species of lactic acid bacteria [see Wood, 
Anderson, and Workman (1937), Snell, Tatum, and Peterson (1937), 
Snell, Strong, and Peterson (1937, 1939), Moller (1938, 1939, 1940), 
Snell and Strong (1939), Wood, Geiger, and Workman (1940), Snell 
and Peterson (1940), Pennington, Snell, and Williams (1940), Snell 
and Mitchell (1941), Stokstad (1941, 1943), Hutchings, Bohonos, and 
Peterson (1941), Mitchell, Snell, and Williams (1941), Clarke, Lechy- 
cka, and Light (1942), Feeney and Strong (1942), Pollack and Lindner 
(1942), Hutchings and Peterson (1942), Landy and Dicken (1942), 
Hill and Kniesner (1942), Keresztesy, Rickes, and Stokes (1943), 
Snell and Guirard (1943), Shankman (1943), Hutchings, Stokstad, 
Bohonos, and Slobodkin (1944), Hegsted (1944)]. As a result of these 
studies our information has increased to such an extent that several 
lactic acid bacteria, such as Lactobacillus arabinosuSy Lactobacillus 
caseiy and Lactobacillus delbruckiiy can now be cultivated on media of 
essentially known composition. The medium (pH 6.7 to 6.8) employed 
by Pollack and Lindner (1942) may be cited as an example of a sub¬ 
strate which supports the growth of lactic acid bacteria: 


Glucose 

20 

g* 

Sodium acetate 

12 

g- 

Glycine, d^alanine, /-leucine, c//-isoleucine, /-aspartic 
acid, d/-valine, /-histidine, /-tryptophan, /-proline, 
/-hydroxyproline, d/-serine, (//-threonine, /-t 5 TOsine, 

/-cystine, (//-methionine, (//-/^-phenylalanine, /-lysine, 

/-arginine, /-asparagine, each 

10 

mg. 

Adenine, guanine, uracil, thymine, and xanthine, each 

10 

mg. 

Thiamin, vitamin Be, calcium pantothenate, riboflavin, 

and nicotinic acid, each 

200 

Mg. 

Inositol 

5 

mg. 

Biotin 

0.4 

Mg. 

Folic acid concentrate 

6 

Mg. 

Glutamine 

0.6 

Mg. 

K2HPO4 

1 

g. 

KH2PO4 

1 

g. 

MgS04-7H20 

0.4 

g. 

NaCl, FeS 04 - 7 H 20 , MnS 04 'H 20 , each 

0.02 g. 

H 2 O to 

1,000 

ml. 


Although this medium of Pollack and Lindner will support the growth 
of many species of lactic acid bacteria, additional factors seem to be 
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required for the optimum growth of some strains. For example, 
Stokstad (1941) has described an active substance, probably a nucleo¬ 
tide, which stimulates the growth of certain lactobacilli; Hutchings, 
Bohonos, and Peterson (1941), Pfiffner et aL (1943), Stokstad (1943), 
Keresztesy et ah (1943), Chattaway et ah (1943), and Hutchings, 
Stokstad, Bohonos, and Slobodkin (1944) have prepared active factors 
from liver or yeast; Clarke et ah (1942) have demonstrated a substance 
in rice polishings; and Feeney and Strong (1942) have observed another 
factor in blood. 

The nutritional requirements of the propionic acid bacteria (genus 
Propionibacterium) are variable and have not been investigated so 
thoroughly as those of the lactic acid bacteria [Tatum, Peterson, and 
Fred (1936), Tatum, Wood, and Peterson (1936), Wood, Tatum, and 
Peterson (1937), Wood, Andersen, and Werkman (1938), and Thomp¬ 
son (1943)]. The propionic acid bacteria are able to utilize ammonium 
salts as a source of nitrogen and in general are less fastidious in their 
requirements than the lactic acid bacteria. The medium (pH 7.0) 
employed by Wood, Andersen, and Werkman (1938) may be cited to 
illustrate the basal requirements of these organisms; it contained the 
following ingredients: 


Glucose 
Sodium acetate 
(NH4)2S04 

Speakman^s salts in ^ concentration 
Ether extract of 30 g. of Difeo yeast 
extract (amino acid-free) 

Vitamin Bi 

Riboflavin 

H 2 O (distilled) to 


10 g. 

6 g* 

3 g. 


0.01 mg. 
1.0 mg. 
1,000 ml. 


A mixture of seventeen amino acids was found to be beneficial but 
not essential to the propionic acid bacteria; certain cultures grew with 
diflSiculty in their absence, but others thrived. Riboflavin stimulated 
growth in the ammonium sulfate medium but could be dispensed with 
by most strains. Vitamin Bi was found to be an eflfective stimulant, 
although some cultures could be trained to grow vigorously without 
it. The ether extract of yeast extract was essential for all cultures. 
It could not be replaced by a mixture of nicotinic acid, vitamin Bi, 
riboflavin, pimelic acid, uracil, jS-alanine, and pantothenic acid. More 
recently Thompson (1943) has studied the vitamin requirements of 
the propionic acid bacteria. He concluded that yeast extract owes 
part of its growth-promoting activity to its pantothenic acid and 
biotin content. With certain species, however, other unknown factors 
in yeast extract appear to be required. Thiamin and p-aminobenzoic 
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acid also seemed to be necessary for the continued growth of some 
strains. 

Clostridium Species. The chemical nature of the substances con¬ 
cerned in the nutrition of the anerobic spore-formers has received less 
attention from the bacteriologist than have those required for aerobic 
bacteria. Nevertheless, considerable information is available on the 
subject, and the work on a few representative species will be discussed 
briefly. For additional information the references at the end of the 
chapter and the general reviews mentioned earlier should be consulted. 

Clostridium sporogenes was probably the first anaerobic spore-former, 
except for the nitrogen-fixing bacterium Clostridium pasteurianum, 
whose nutritional requirements were systematically studied. In a 
series of papers from the Department of Bacterial Chemistry at Middle¬ 
sex Hospital in London it was shown that CL sporogenes and certain 
other obligate anaerobes can be grown in media containing salts, a 
source of carbon, and known amino acids only w’hen an unknown ether- 
soluble acid, w^hich has been called the sporogenes vitamin, is present 
[Knight and Fildes (1933), Fildes (1935), Fildes and Richardson (1935), 
Pappenheimer (1935)]. The exact composition of the medium that 
was adequate for the growth of CL sporogenes was as follows: 


s *-Alanine 

0.12 g. 

s-Valine 

0.15 g. 

s-Leucine 

0.17 g. 

s-Glycine 

0.20 g. 

Z-Proline 

0.16 g. 

s-Aspartic acid 

0.18 g. 

s-Serine 

0.14 g. 

s-Methionine 

0.07 g. 

Z-Cystine 

0.06 g. 

s-Phenylalanine 

0.08 g. 

Z-Tyrosine 

0.05 g. 

Z-Histidine 

0.05 g. 

s-Lysine-2HCl 

0.09 g. 

cZ-ArginincHCl 

0.05 g. 

Z-Tryptophan 

0.02 g. 

MgS 04 * 7 H 20 (4% solution) 

10 ml. 

Ash solution f 

10 ml. 

Thioglycolic acid (1% solution in N HCl) 

20 ml. 

Sporogenes vitamin t 

10 ml. 

NaOH solution to pH 7.6 


H 2 O to 

1,000 ml. 


• The prefix s- denotes a synthetic substance. 

t A neutralized HCl extract of incinerated hay, diluted equivalent to 1 kg. hay 
per 10 liters of H 2 O. 

X A nitrogen- and sulfur-free preparation from mare’s urine. 
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The chemical properties of the sporogenes vitamin were studied in 
some detail by Pappenheimer (1935), but he was unable to obtain the 
substance in crystalline form. Starting with 10 liters of mare’s urine 
concentrate (concentrated from 1,300 liters), he separated and parti¬ 
ally purified the sporogenes vitamin. The total yield of the substance 
in the form of redistilled esters from these 10 liters of mare’s urine 
concentrate was about 7.0 g., of which 0.001 to 0.005 / 4 g. was sufficient 
to activate 1 ml. of gelatin hydrolysate medium so that CL sporogenes 
would grow; in the foregoing amino acid medium 0.04 pg./ml. was 
sufficient. The methyl ester failed to crystallize even when kept at 
the temperature of solid CO 2 for two days. It was very soluble in 
ether, alcohol, and benzene but only slightly soluble in water. Re¬ 
peated analyses of different preparations of the methyl ester showed a 
constant elementary composition suggesting a formula of C 11 H 14 O 4 or 
C 11 H 16 O 4 . Later Peterson, McDaniel, and McCoy (1940) and Lampen 
and Peterson (1943) observed that the addition of biotin ( 0.00001 fig. 
/ml.) to a synthetic medium (glucose, asparagine, and salts) produced 
good growth of CL sporogenes. These results indicate that at least 
one constituent of the so-called sporogenes vitamin is biotin. 

Clostridium acetobutylicum is another anaerobic, spore-forming bacil¬ 
lus whose nutrition has been studied in some detail by several work¬ 
ers. In 1938 Brown, Wood, and Workman showed that an acidic ether- 
soluble extract of Difco yeast extract was essential for vigorous growth 
of this organism in a medium of known chemical constitution. Later 
McDaniel, Woolley, and Peterson (1939) partially purified the ether- 
soluble factor, and Brown and his associates (1939) showed that the 
known growth factors, thiamin, riboflavin, nicotinic acid, pimelic 
acid, pantothenic acid, /3-alanine, and uracil, did not stimulate growth 
in simplified media. Weizmann and Rosenfeld (1939) found that, in 
order to bring the nutritive level of a synthetic medium up to 70 per 
cent of that represented by Maize mash, both asparagine and biotin 
had to be present; the remaining 30 per cent of the full requirements 
could be supplied by a third factor, which was found to be present in 
the first dialyzates of autolyzed yeast. Subsequently Oxford, Lampen, 
and Peterson (1940) studied the nutritional requirements of CL aceto- 
btdylicum in a medium of known constitution and observed that two 
factors were required for development, that is, biotin and another 

Basal medium employed by Oxford, Lampen, and Peterson (1940): glucose, 
2 per cent; asparagine, 0.1 per cent; (NH 4 ) 2 S 04 , 0.1 per cent; Speakman’s salt 
mixture (KH2PO4, K2HPO4, Mg, Mn, and ferrous sulfates); reduced iron at the 
bottom of each tube. The medium used by Rubbo and his associates (1941) 
differed only in that it contained NaCl and no (NH 4 ) 2 S 04 or reduced iron. 
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factor. This other factor, the so-called BY-factor, was not identical 
with any known growth factor for microorganisms but was present 
in yeast extract and had the properties of a weak acid whose activity 
was destroyed by nitrous acid. Soon afterward Rubbo and his co¬ 
workers (1940, 1941) isolated p-aminobenzoic acid from brewers^ yeast 
and found that the naturally occurring acid, a synthetic sample of the 
same acid, and several structurally related compounds were able to 
stimulate the growth of the bacterium in a medium of known chemical 
constitution; but biotin was not found to be essential. They recon¬ 
ciled their findings with those of other workers by tentatively assuming 
that Weizmann's biotin preparation and the BY-factor are crude ex¬ 
tracts containing a trace of p-aminobenzoic acid. Since 2 >-aminobenzoic 
acid stimulates growth in concentrations as low as 1.46 X 10"”^^ Jif, 
this reconciliation seems well founded. 

Rubbo and his associates (1941) then extended their study to a 
comparison of the yields of solvents formed in the synthetic medium 
with those obtained in wheat mash containing the same amount of 
fermentable carbohydrate and incubated under the same environment. 
Their results show that in a chemically defined medium containing 
p-aminobenzoic acid normal yields of butyl alcohol are formed, but 
the production of acetone is suppressed, even after prolonged fermenta¬ 
tion. A full explanation of this interesting but atypical form* of fer¬ 
mentation cannot be given at present, but certain observations by 
Rubbo and his coworkers offer a partial explanation. It appears that 
the fermentation of glucose under these conditions is diverted through 
the absence in the medium of a second factor, termed an acetone factor, 
which is primarily concerned with the formation of acetic acid from 
acetaldehyde and secondarily with its conversion to acetone by way 
of acetoacetic acid. This contention is partially substantiated by the 
following facts: 

1. The acetone factor can be isolated from yeast, cereals, and po¬ 
tatoes, and, when it is added to a chemically defined medium containing 
p-amino-benzoic acid, normal fermentation is restored. 

2. The acetone factor alone does not support growth; it is heat 
stable, is precipitated by phosphotungstic acid, and is probably a 
coenzyme related to the nitrogenous bases. 

3. The addition of sodium acetate to the synthetic medium does not 
yield acetone. 

Basal medium employed by Oxford, Lampen, and Peterson (1940): glucose, 
2 per cent; asparagine, 0.1 per cent; (NH 4 ) 2 ^ 4 » 0.1 per cent; Speakman^s salt 
mixture (KH2PO4, K2HPO4, Mg, Mn, and ferrous sulfates); reduced iron at the 
bottom of each tube. The medium used by Rubbo and his associates (1941) 
differed only in that it contained NaCl and no (NH 4 ) 2 S 04 or reduced iron. 
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4. The titratable acidity in synthetic media is abnormally low but 
is raised in the presence of the acetone factor. 

In view of these findings Rubbo and his associates concluded that 
two factors are required for normal fermentation of glucose by Cl. 
acetobutylicum: (1) p-aminobenzoic acid, which acts as a growth stim¬ 
ulant, and (2) the acetone factor, which is essential for the production 
of acetone. 

Lampen and Peterson (1941, 1943) confirmed the work of Rubbo 
and his associates concerning the essential nature of p-aminobenzoic 
acid for Cl. acetobutylicum, but they insisted that biotin is also re¬ 
quired. They believed that the natural constituents of Rubbo and his 
associates' medium may have contained traces of biotin, and for this 
reason they were not able to rule it out as an essential factor. Lampen 
and Peterson also showed that p-aminobenzoic acid would replace the 
yeast factor described by Oxford, Lampen, and Peterson. Davies 
and Stephenson (1941) also studied the nutritional factors necessary 
for Cl. acetobutylicum to produce acetone and other solvents in simplified 
media. 

Clostridium butylicum is an organism closely related to Cl. aceto- 
butylicum, but it differs in certain cultural and physiological character¬ 
istics. The ability of the organism to ferment glucose and other sub¬ 
strates ’(see Chapter 10) has been studied in some detail by several 
workers. Also the nutrition and growth-factor requirements of the 
species have been investigated by McDaniel, Woolley, and Peterson 
(1939), Woolley, McDaniel, and Peterson (1939), Snell and Williams 
(1939), and Lampen and Peterson (1943). Peterson and his associates 
obtained an active substance from a commercial extract of cereal 
grains known as Vitab, which they called the butyl factor (BY-factor). 
The most active preparations were detectable when 0.001 fig./ml. was 
added to an otherwise chemically defined substrate. Subsequently 
Snell and Williams found that biotin was the only essential growth 
factor needed by Cl. butylicum for development in a medium of known 
composition containing asparagine, glucose, and Speakman's inorganic 
salts. As little as 0.0000133 pg./ml. of pure biotin permitted growth, 
although larger amounts stimulated better development. 

The growth-factor requirements of three strains of saccharolytic 
butyl alcohol-acetone bacteria have also been studied by Reyes- 
Teodoro and Mickelson (1944). Two of the strains require biotin 
(0.001 Atg./ml.) for growth in a chemically defined medium, while the 
other requires p-aminobenzoic acid (0.2 pg./ml.) in addition to biotin. 

Clostridium perfringens {Clostridium wekhii) is another anaerobic 
spore-forming bacillus whose nutritional requirements have been stud- 
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ied in simplified media. Tamura, Tytell, Boyd, and Logan (1941) 
employed the following basal medium (pH 7.9) in their study: 

MgS 04 0.02 g. Glucose 2 g. 

Na 2 HP 04 * 12 H 20 5.76 g. Casein acid hy- 

KH 2 PO 4 0.24 g. drolysate (0.28% 

Z-Tryptophan 0.1 g. total N) 1,000 ml. 

Glucosamine 1 g. 

No growth occurred in the basal medium alone, but on addition of 
0.1 per cent of mother-liquor from alcohol-precipitated liver extract 
good development resulted. Equally good growth was obtained by 
substituting pantothenic acid (2 /xg./ml.) and pimelic acid (2 pg./ml.) 
for the liver-extract preparation. Addition of riboflavin (0.2 /xg./ml.) 
and nicotinic acid (5 pg./ml.) was found necessary for toxin production 
by CL perfringens. According to Tamura, Tytell, Boyd, and Logan, 
toxins were consistently produced which were equal to those formed 
in glucose peptone meat-infusion broth or were more potent. 

Clostridium hotulinum strains have been cultivated in media con¬ 
taining only amino acids, inorganic salts, and glucose by Burrows 
(1933) and Ehrismann (1937); but other workers [see Fildes (1935), 
Knight (1936), Elberg and Meyer (1939), Clifton (1940)] have been 
unable to confirm these observations with other strains. Even though 
all workers are not in agreement on the nutritional requirements of 
CL hotulinum^ it seems safe to draw the following conclusions from 
their studies: 

1. Many strains of CL hotulinum can be gro^vn in media containing 
amino acids, inorganic salts, and sugar, providing tryptophan and cer¬ 
tain acidic fractions from yeast or urine (the so-called sporogenes 
vitamin) are present. 

2. In general the nutritional requirements of CL hotulinum resemble 
those of Clostridium sporogenes with respect to the amino acids required 
for growth, but there are qualitative differences in their needs. Certain 
amino acids can serve as a source of energy. 

3. Glucose can serve as a source of energy, the chief products of 
fermentation being ethyl alcohol and CO 2 . 

4. Some strains of CL hotulinum are not able to develop in simple 
media, having more complex requirements. 

For further details on the nutrition of this organism the foregoing 
reference and the monograph by Knight (1936) should be consulted. 

Clostridium tetani is another anaerobic spore-former whose nutritional 
requirements have been investigated in the past few years. Although 
Ehrismann (1937) reported that a strain of this organism grew in an 
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amino acid medium containing glucose, inorganic salts, and ascorbic 
acid, we know that most strains are more fastidious. Recently Mueller 
and Miller (1941,1942) and Feeney, Mueller, and Miller (1943) studied 
the growth requirements of CL tetanL Their results may be summarized 
by the statement that the strains which they used apparently required 
the following materials for growth in a medium containing glucose, 
salts, and an acid hydrolysate of protein (casein) or a mixture of 
fifteen amino acids: adenine or hypoxanthine (5 /xg./ml.), uracil (2.5 
/zg./ml.), pantothenic acid (0.25 /ig./ml.), thiamin (0.01 jug./ml.), 
pyridoxine (1 jug./ml.), riboflavin (0.01 /xg./ml.), nicotinic acid (1 
/xg./ml.), folic acid (0.0025 /xg./ml.), biotin (0.001 /xg./ml.), oleic acid 
(2.5 /xg./ml.), and perhaps one or more additional compounds. A 
high grade of toxin (60,000 M.L.D./ml.) has been produced with a 
medium having these ingredients. 

The nutritional requirements and factors affecting the production of 
toxin of Clostridium septicum have been studied by Bemheimer (1944). 
The basal medium employed consisted of hydrolyzed casein, glucose, 
inorganic salts, cystine, tryptophan, and a reducing agent, such as 
thioglycolic acid. The growth accessory substances required were 
thiamin, pyridoxine, nicotinic acid, and biotin. Glutamine was not 
indispensable for growth, but it shortened the lag period. Other known 
vitamins had no effect on growth or toxin formation by this organism. 
The quantity of toxin produced (400 to 700 L.D.so/ml.) in the medium 
was found to be as great as that usually reported in media containing 
more complex materials or even greater. 

Clostridium thermosaccharolyticum required thiamin, biotin, and p- 
aminobenzoic acid for growth in a chemically defined medium [Clark 
and Mitchell (1944)]. Nicotinic acid and pantothenate also slightly 
increased growth. 

The growth-factor requirements of several other Clostridium species, 
such as Clostridium felsineum and Clostridium saccharobutyricus, have 
also been studied by Lampen and Peterson (1943). Biotin was found 
to be essential for all the clostridia used, and p-aminobenzoic acid was 
required by certain strains. 

Neisseria intracellularis and Neisseria gonorrhoeae. Although 
Neisseria intracellularis has been thought of as fastidious in its nutri¬ 
tional requirements, little information has been reported concerning 
its growth in chemically defined media. Frantz (1942) has observed 
that fourteen out of fifteen strains of this species can be cultivated in 
a medium containing inorganic salts, glucose, d-glutamic acid, and 
i-cystine. Therefore this organism may actually belong to group 10 
in the nutritional spectrum (Fig. 1). Until further data are available 
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on freshly isolated strains, however, the species may be placed here 
provisionally. 

The cultivation of Neisseria gonorrhoeae in various types of media 
has been studied rather extensively in the past few years [see Mueller, 
Hinton, and Miller (1942), Gould (1943), Lankford and Snell (1943), 
Gould, Kane, and Mueller (1944), Welton, Stokinger, and Carpenter 
(1944), Morton and Leberman (1944)]. To illustrate the basal require¬ 
ments of most strains, the medium employed by Welton, Stokinger, 
and Carpenter may be mentioned. They found that many cultures 
would grow in a medium composed of glucose, inorganic salts, indole- 
3-acetic acid, and the following eight amino acids: d-glutamic acid, 
di-leucine, Z-arginine, Z-histidine, dZ-methionine, Z-proline, glycine, and 
Z-cystine. Some strains would not grow in this medium, and it was 
presumed that other factors were essential. Lankford and Snell 
previously showed that glutamine is required by some strains of the 
gonococcus. Thus, when glutamine and choline were incorporated 
in the foregoing medium, it was found that additional strains would 
grow. Gould (1943) also pointed out that glutathione is essential for 
the growth of certain stock strains of N. gonorrhoeae^ although most 
freshly isolated cultures do not require this compound. 

Mueller and his associates are of the opinion that much of the diffi¬ 
culty encountered in the past in the cultivation of the Neisseria species 
was due to the presence of an inhibitory substance rather than to the 
absence of essential nutrilites in the media. For example, they have 
presented evidence to show that the function of starch, which is com¬ 
monly used in media for gonococci, is a protection against the inhib¬ 
itory effect of certain samples of agar. 

BACTERIA WHOSE REQUIREMENTS ARE COMPLEX AND NOT 
WELL UNDERSTOOD 

The last group of organisms which will be considered consists of 
bacteria whose nutritional requirements are not well understood at 
this time. Future studies will undoubtedly provide us with informa¬ 
tion concerning the vitamin requirements of these organisms; in fact, 
considerable progress has already been made for certain species, and 
these studies will be cited. Since this group contains many bacteria, 
especially pathogenic species, it will be possible to mention only a few 
representative organisms. 

Probably more success has been obtained in the study of the re¬ 
quirements of a group of nonsporulating anaerobes than with any 
of the other organisms [see West, Lewis, and Militzer (1942)]; in fact, 
it has been observed that the addition of a mixture of known growth 
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factors to a chemically defined medium allows the development of the 
majority of strains. Pyruvic acid, pantothenic acid, and riboflavin 
appear to be of special importance in the nutrition of these organisms 
in amino acid media. 

The nutrition of Listerella monocytogenes and Erysipelothrix rhusio- 
pathiae has recently been studied by Porter and Pelczar (1941) and 
Hutner (1942), but the studies need to be extended before any definite 
conclusions can be drawn. Riboflavin and powssibly biotin have been 
definitely characterized as necessary for the growth of L. monocytogenes 
in simplified media, and oleic acid and riboflavin have been identified 
as essential for Erysipelothrix^ but additional factors are needed for 
both bacterial species. 

Organisms with even more complex requirements include such species 
as Streptobacillus moniliformis [Dienes (1939)], Bartonella bacilliformis 
[Jimenez (1940), Geiman (1941)], and many others. The spirochetes, 
rickettsia, and viruses may also be included provisionally in this group, 
in spite of the fact that most of them at the present time require living 
tissue for growth. However, as our information concerning vitamins, 
enzymes, and proteins increases, it is not unlikely that some progress 
will be made in determining the requirements of some of these fastidious 
organisms. In fact, some progress has already been made by Spizizen 
(1943), who studied the influence of numerous compounds on the mul¬ 
tiplication of a coli-bacteriophage in the presence of nonproliferating 
bacterial cells. He found that glycine anhydride, certain phosphory- 
lated compounds, and the 4-carbon dicarboxylic acids stimulated 
phage multiplication, whereas a sulfonic acid analog of glycine in¬ 
hibited it. 

THE GROWTH FACTORS, OR VITAMINS,^* AND THEIR 
PHYSIOLOGICAL ROLE IN MICROORGANISMS 

So far the discussion in this chapter has centered around the groups 
of bacteria which have common nutritional requirements. In this 
section we propose to discuss the problem from the standpoint of the 
individual growth factors, or vitamins. Such an approach will help in 
correlating some of the data discussed for groups 11 and 12 (see Fig. 1) 
of the bacterial nutrition spectrum. Although certain species in the 
other groups may be stimulated by some of these growth factors or 
actually require them, most of them can initiate growth in simple 
media without any external supply of the vitamins. 

^^For an interesting discussion of the relationship between microbial growth 
factors and vitamins the papers by Peterson (1941) and by Peterson and Peterson 
(1945) should be consulted. 
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HEMIN (X-FACTOR) 

Hemin, which occurs in the form of characteristic microscopic, 
reddish-brown crystals, has been synthesized by Fischer, who ascribed 
to it the following formula: 

HiC:C H I ^ -C -- y -U—CH, 

H N 

H,C I ^ ''ll- L-ch!CH, 

CH F^l CH 

H;C-T1-/ \ J-j-GH, 

jsr H I 

HOOCCHjH^C—U--c —-H-CHrCHsCOOH 

Hernia 

It is not known definitely which pair of nitrogen atoms are attached 
to the iron atom. The system of conjugated double bonds accounts 
for the color of the compound. When hemin (C34H3204N4FeCl) is 
reduced by hydrogen in the presence of a catalyst, such as colloidal 
palladium, it takes up to four hydrogen atoms and becomes mesohemin 
(C34H3604N4FeCl). When treated with NaOH, hemin yields the 
corresponding base (C 34 H 32 N 404 Fe 0 H), which is known as herm or 
hematin, 

Hemin was probably the first of the so-called growth factors for 
microorganisms to be definitely identified. In fact, as eariy as 1917 
Davis demonstrated that Pfeiffer^s bacillus {Hemophilus influenzae) 
required the addition of at least two distinct substances for its gro^iih 
in peptone broth: (1) a thermostable compound contained in or derived 
from hemoglobin, and (2) a thermolabile substance present in the tis¬ 
sues of various plants and animals and synthesized by many bacteria 
other than H, influenzae. In 1921 Thjotta and Avery suggested the 
terms X^factor for the growth-accessory substance contained in blood 
pigments and V-factor for the substance contained in tissue extracts; 
this second factor was likened to a vitamin and will be mentioned 
more in detail on pp. 728 to 732 on nicotinic acid and its derivatives. 
Since both of these factors are now known to be distinct chemical 
entities, that is, X-factor = hemin, and V-factor = di- or triphos- 
phopyridine nucleotide, it is no longer necessary to refer to them 
merely as X- and V-factors. However, for convenience this termi¬ 
nology is still used generally in bacteriology. 

The so-called X-factor, as we have just stated, was first demon¬ 
strated in blood pigments. It was also observed by several of the early 
workers that the factor was more active under aerobic conditions 
when supplied in the form of an iron-containing derivative of hemo¬ 
globin—methemoglobin, carboxyhemoglobin, hematin, or hemin— 
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than as unaltered hemoglobin. In fact, pure crystallized hemoglobin 
was found to be almost inactive, and hemocyanin, bilirubin, chloro¬ 
phyll, and similar metalloproteins were completely inactive. 

Several other species are included in the genus Hemophilus besides 
H. influenzaej but not all of them require the addition of X-factor 
(hemin) or V-factor (di- or triphosphopyridine nucleotide) to simple 
media for growth (see Table 10). In addition to its important role 
in the nutrition of certain bacteria, hemin has also been shown to sub¬ 
stitute for a component of blood in the cultivation of several trypano¬ 
somes [see Lwoff (1938)]. 

TABLE 10 

The Hemotrophic Organisms Which Require X- and/or V-F actors for 
Growth in Simple Media 

[From Rivers (1922), Fildes (1923), Lwoff (1938), and Jimdnez (1940)] 

Growth in Peptone Broth Containing 


Organisms 

No factors 

X-Factor 

V-Factor 

X-Factor + 
V-Factor 

Hemophilus influenzae 

— 

_ 


+ 

Hemophilus suis 

— 

— 

— 

+ 

Hemophilus conjunctiviiidis 
(Koch-Weeks bacillus) 


— 


+ 

Hemophilus parainfluenzae 

- 


+ 

+ 

Hemophilus canis 

— 


— 

+ 

Hemophilus ducreyi 

— 

+ 

- 

+ 

Hemophilus pertussis 

+ 

+ 


+ 

Bartonella bacilliformis * 

— 

+ 

— 

+ 

Several trypanosomes * 

— 

4- 

— 



* The medium used by Lwoff (1938) and Jim6nez (1940) to cultivate these organ¬ 
isms was more complex than peptone broth. 


Since hemin is active for the Hemophilus species in very small 
amounts (about 0.001 /xg-Zuil. of medium) an obvious suggestion is 
that it functions as a respiratory catalyst. Early observations [Olsen 
(1920), Fildes (1921)] suggested that its growth-promoting property 
was correlated with peroxidase activity, but more recent studies have 
not entirely supported this view, because certain compounds have been 
shown to possess peroxidase activity without promoting the growth of 
H. influenzae, and some have been shown to function as X-factor but 
to be devoid of peroxidase activity. Many of the iron compounds that 
promote the growth of H. influenzae, however, show catalase activity, 
and Bass, Berkman, Saunders, and Koser (1941) have even observed 
that highly purified catalase preparations will replace hemin, as well 
as V-factor compounds, in the growth of certain Hemophilus strains. 
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Heme (20 /xg./ml.) accelerates the growth of Pasteurella pestis in an 
amino acid medium containing all the essentials for growth [Rao 
(1940)], and the same substance is an essential growth factor for 
Bartonella hajcilliformis [Jim<5nez (1940)]. 

Lwoff (1936) studied the function of hemin in the metabolism of 
certain protozoa and Hemophilus species and came to the conclusion 
that the substance is used for the synthesis of the prosthetic groups of 
several components of the catalytic system of Warburg and Keilin, 
for example, the cytochromes and cytochrome oxidase. In this con¬ 
nection it is also of interest to mention a study concerned with the 
anaerobic growth of Hemophilus species. Such species are usually 
regarded as aerobic, but Anderson (1931) and others have recorded 
the anaerobic growth of certain strains. Moreover, under these condi¬ 
tions the organisms grow in the absence of X-factor. This phenomenon 
clearly suggests the possibility that under aerobic conditions the hemin 
functions as part of a protective catalyst to shield the growing organ¬ 
isms from the injurious action of peroxide. Therefore we can say in 
conclusion that hemin is required as a growth factor for certain micro¬ 
organisms under aerobic conditions and that it probably functions by 
being synthesized into several enzymes (catalase, peroxidase, cyto¬ 
chrome oxidase) or carrier substances (cytochromes). 

THIAMIN (VITAMIN Bi OR ANEURIN) 

Thiamin (also called vitamin Bi, aneurin, or the antiberiberi vita¬ 
min), which is widely distributed in nature, is a definite and specific 
organic compound of known structure. The thiamin (thiamin chloride) 
which is available on the market is termed 2-methyl-5-(4-methyl-5- 
jS-hydroxyethyl thiazonium chloride) methyl-6-aminopyrimidine hy¬ 
drochloride; it has the following structure: 



N=—C • NH 2 • HCl CH2 5C • CH 2 • CH 2 OH 

i‘ “i 1I3 4I1 

HsC—C2 sC-CH 2 -N-C-CHa 

ll» 4II I 

N-CH Cl 

Pyiiinulinc Thiazole 

rin« ling 

I— . • 

Vitamin Bi chloride 
Hydrochloride 

Thiamin is soluble in water (1 g. in 1 ml.) and alcohols (1 g. in 100 ml. 
of 95 per cent alcohol or 18 ml. of glycerol) but is insoluble in ether, 
acetone, chloroform, and benzene. In the dry form the vitamin is 
stable to heat, but in solution prolonged heat above 100 °C. should be 
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avoided. Although it is not sensitive to atmospheric oxidation, it 
can be easily oxidized or reduced by certain chemicals and is believed to 
undergo reversible oxidation and reduction in some biological reactions. 


TABLE 11 


Several Organisms Which Require or Are Stimulated by Thiamin 
(Vitamin Bi) or Its Products (Pyrimidine and/or Thiazole Components 
OR Cocarboxylase) in Simple Media 


Organism 

Staphi^oeoceuB aureut 


Staphylococcus albua 
Sarcina fiuva 

Ueniolytio streptococoi of 
groups A, B, C, etc. 
Strepiococcua aahvariua 
Streptococcus lactta 
Rhizohium irijdit and other 
soil bacteria 


Salmondla gaUinarum 
Brucella species 


Pasteurella peaiia 
Propionic acid bacteria 


Lactic acid bacteria of the 
ironera Lactobacxllua and 
Ijeuconoatoc 

Acetic add bacteria 
Clostridium tetani 
Clostridium thermosaccharo- 
lytieum 

Clostridium aeptieum 
Pkytomonaa tumefaciena 
Mycobacterium tuberculosis 
Mycobacterium lemae 
Leptospim canicoia 
Porphyrin formation by 
several common bacteria 
Certain straiiw of Saccharo- 
mycea cerevisiae 


Torula utUia 
Torula cremoris 
Certain molds and related 
filamentous fungi 
(136 species) 

Algae (14 spedes) 

Protozoa and other inverte¬ 
brates 


Quantity Used per 
Milliliter of Medium 
4 X lO-iO-lO-^Af 
3or 4 X 10-« Af 
10-7 Af 
0.8-4 /ig. 


0.05 pg. 

0.001-1 pg. 


0.001-0.1 pg. 
0.1 pg. 


0.006 pg. 
0.1 pg. 


25 pg. 

0.2-0.5 pg. 

0.2 pg. 

10 pg. 

0.006-0.05 Mg. 

0.01 pg. 

0.25 pg. 

10-7 M 

0.1 pg. 

0.0005-0.2 pg. 


0.5 pg, 

0.01 pg. 
0.1 Mg. 


Reference * 

Knight (1937) 

Hills (1938) 

Knight and Mcllwain (1938) 

Koser, Finkle, Dorfman, Gordon, and Saund¬ 
ers (1938), Vilter and Spies (1940) 

Sartory. Sartory, and Meyer (1938) 
Pappenheinier and Hottle (1940); (see dis~ 
cuasion) 

Niven and Smiley (1943) 

Niven (1944) 

Nilsson, Bjalfve, and Burstrom (1938) 
Bjalfve, Nilsson, and Burstrom (1938) 

West and Wilson (1939), West and Loohhead 
(1940) 

Johnson and Rettger (1943) 

Kerby (1939) 

Koser, Breslove, and Dorfman (1941) 
McCullough and Dick (1943) 

Rao (1940) 

Tatum, Wood, and Peterson (1936) 

Wood, Andersen, and Workman (1938) 
Silverman and Workman (1938) 

Quastel and Webley (1939, 1941) 

Thompson (1943) 

Wood, Anderson, and Workman (1937) 
Wood, Geiger, and Workman (1940) 

Pollack and Lindner (1942) 

Gaines and Stahly (1943) 

Palel (1938) 

Mueller and Miller (1942) 

Clark and Mitchell (1944) 


1 Mg. 

0.2 Mg. 

0.87«^3.5 mg. 
100-1,000 mg. 
1-3 Mg. 

20 Mg. 


Bernheimer (1944) 

Mclntire, Riker, and Peterson (1941) 
Leitner (1937) 

Loving (1943) 

Rosenfeld and Greene (1941) 
Mallinckrodt-Haupt (1938) 


0.01-5 Mg. 


10-15 Mg. 

0.2 pg. 

0.0004-0.25 Mg. 


0.1-1 mg. 
0.001-0.8 Mg. 


Williams and Roehm (1930), K6gl and Fries 
(1937), Schultz, Atkin, and Frey (1937), 
Williams, Eakin, and Snell (1940), Williams 
(1941), Schopfer (1943), Burkholder and 
Moyer (1943), Rogosa (1944) 

Odintsova (1940) 

Koser and Wright (1943) 

Schopfer (1938, 1943), Robbins (1938, 1939), 
Robbins and Kavanagh (1941, 1942), Fries 
(1943) 

VanOverbeek (1940), Ondratschek (1940), 
Schopfer (1943) 

Lwoff (1938), Trager (1941), Dewey (1941) 


* For other studies in which thiamin has been used these references and those cited in the review 
articles mentioned at the beginning of the chapter should be consulted. 


Microorganisms can be allocated to four groups on the basis of 
their thiamin requirements in simple media: 

1. Those which can synthesize all they need; 

2. Those which must be supplied with the vitmnin or its components; 
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3. Those which are stimulated by an external supply but can synthe¬ 
size enough to initiate growth; 

4. Those which are inhibited by the presence of the vitamin in the 
medium. 

Among those microorganisms which can synthesize the vitamin from 
the more elementary constituents of a medium are such species as 
Bacillus subtilisj Escherichia coli^ Pseudomonas aeruginosaj Absidia 
repens, and Aspergillus niger. Several organisms which require an 
external supply of thiamin or are stimulated by its presence in simple 
media are listed in Table 11. These organisms differ considerably in 
their synthetic power. For example, some are able to construct the 
pyrimidine but not the thiazole portion of the molecule; these must be 
furnished with thiamin thiazole. Very few organisms of this kind are 
known; certain molds of the genus Mucor are examples. Other organ¬ 
isms can make the thiazole but not the pyrimidine portion of the 
molecule; these are more common. Still others are unable to construct 
either the thiazole or pyrimidine component of thiamin but can combine 
the two into the complete molecule. Other microorganisms require 
the intact molecule. 

Some species of molds of the genus Rhizopus may be cited as exam¬ 
ples of the group which is inhibited by thiamin. These organisms re¬ 
quire no external supply of the vitamin, and their growth is partially 
retarded by adding it to the medium. To demonstrate this inhibition, 
however, certain factors, such as temperature and age of culture, have 
to be controlled [Robbins (1939), Schopfer (1943)]. 

The vitamin action of thiamin seems to be associated with the 
specific structure of the molecule. The different vitamin salts, such 
as the hydrochloride, hydrobromide, and sulfate, and the pyrophos- 
phoric acid ester, cocarboxylase, all have about the same corresponding 
activity. Structural alterations, however, cause a decrease or disap¬ 
pearance of this activity. For example, thiochrome, an oxidation 
product of thiamin in which the nitrogen atom of the 6-amino group 
of the pyrimidine is linked to the 2-carbon atom of the thiazole ring, 
can substitute only very imperfectly or not at all for thiamin in the 
growth of Staphylococcus aureus [Knight (1937)] and Phycomyces and 
Rhodotorula [Schopfer (1938)]. Several substitution products of both 
the pyrimidine and the thiazole components of the thiamin molecule 
have also been tested (see Tables 12, 13, 14, and 15). In so far as the 
pyrimidine ring is concerned, the groups attached to the ring which 
appear essential for activity are a methyl group at position 2, an amino 
group at position 4 or 6, and a methyl group substituted in certain 
ways at position 5. Substitutions in the thiazole component have 
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TABLE 12 


The Influence op Substitutions in Position 5 on the Activity op 
2-Methyl-4 or 6-Amino-5-Aminomethylpyrimidine por Bacteria, 
Protozoa, and Molds 


Substitution 

Staphylococcus 

Protozoa 

Molds 

in Position 5 

aureus ^ 

(Leucophytes) * 

(Phycomyces) 

Amino ethyl 

+ 

+ 

+ 

Hydroxymethyl 

+ 

+ 


Bromomethyl 



+ 

Ethyoxymethyl 



+ 

Thioformylaminomethyl 

+ 

+ 

zb 

Methyl 

- 

— 

db 

Acetamide 

— 

— 

zb 

Hydrogen 



— 

+ = growth; — = no 

growth; d= = questionable growth. 



^Knight (1937), Knight and Mcllwain (1938). 

* Lwoff and Dusi (1938). 

* Schopfer (1938), Robbins and Kavanagh (1938, 1942). 


TABLE 13 

The Inpluencb op Various Substituted Pyrimidines on the Growth 
OP Bacteria, Protozoa, and Molds 



Staphylo¬ 

Protozoa 

Molds 

Position of Groups in 

coccus 

{Leuco- 

(Phyco¬ 

the Pyrimidine Ring 

aureus ^ 

phytes) * 

myces) ^ 

2-Methyl-4-hydroxy-5-methyl 

- 

- 

zb 

2-Methyl-4-hydroxy-5-amino-6-methyl 

- 



2-Methyl-4-hydroxy-6-amino 

— 

— 

zb 

2-Methyl-4-mcrcapto 

— 


± 

2-Hydroxy-4-amino-(cytosinc) 

— 

— 


2,5-Dimethyl-4-amino 

— 



2,6-Dimcthyl-4-hydroxy-5-amino 

— 



2-Methyl-4-hydroxy-5-hydroxymethyl 

— 


— 

2,4-Dihydroxy- (uraci 1) 



— 

2,4-Dichloro-5-chloromethyl-6-methyl 



— 

2,4-Dihydroxy-5-hydroxymethyl-6-methyl 



— 

2,6-Dichloro-4-methyl-5-chloromethyl 



— 

2,6-dimethyl-4-amino 



— 

2,4,6-Trimethyl 



— 

6-Hydroxymethyl-6-methyl uracil 



— 

2-Thio-6-methyl uracil 



— 


+ * growth; — = no growth; rb = questionable growth. 

1 Knight (1937), Knight and Mcllwain (1938). 

* Lwoff and Dusi (1938). 

* Schopfer (1938), Robbins and Kavanagh (1938, 1942), Bonner and Erickson 
(1938). 
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The Influence of Various Substitutions in Positions 2 and 5 on the Activity 
OF 4-Methyl Thiazole for Bacteria, Protozoa, and Molds 


Substitution in Staphylo- 

, -^-, coccus 

Position 2 Position /> aureus ^ 

Hydrogen: H /3-hydroxyethyl: CH 2 CH 2 OH + 

Methyl: CII 3 /3-hydroxyethyl: CH 2 CH 2 OH — 

Hydroxy: OH Acetoxyethyl: CH 2 CH 20 C 0 -CH 3 — 

Amine: NH 2 /S-hydroxyethyl: CII 2 CH 2 OH — 


Protozoa Molds 
(Leuco- {Phyco- 
phytes) * myces) * 

+ + 

+ 


+ = growth; — = no growth; ± = questionable growth. 

1 Knight (1937), Knight and Mcllwain (1938). 

2 liwoff and Dusi (1938). 

3 Schopfor (1938), Robbins and Kavanagh (1938, 1941, 1942), Bonner and Erick¬ 
son (1938). 


TABLE 15 


The Influence of Various Substitutions in Position 6 on the Activity of 


4-Metiiyl-5-/3-Hydroxyetiiyl Thiazole for Bacteria, 

Protozoa, 

AND 

Molds 

Staphylo¬ 

Protozoa 

Molds 


coccus 

{Leuco- 

(Phyco- 

Substitution in Position 5 

aureus ^ 

phytes) * 

myces) » 

Hydrogen: H 

— 

- 

— 

Methyl: CITg 

-- 

— 

— 

Ethyl: CH2Cn3 



— 

a-Hydroxyethyl: CHOHCH3 

- 

- 

— 

^-Hydroxyethyl: CH2CH2OH 

+ 

-f 

+ 

/ 3 -Aminoethyl (picriitc): CH2CII2NH2 (picrate) 

- 

+ 

db 

jS-Chloroethyl (picrate): Cfl2CH2Cl (picratti) 
^-Ethoxyethyl (picrate): CH2CH2OC2H5 (picrate) 
/ 3 -Carbethoxyethyl: CH2CH2O COO C2II5 
Acetoxyethyl: CH2CH2O • CO • CH3 

+ 

+ 

+ 

=b 

+ 

/8-Hydroxypropyl: CH2CHOHCH3 

+ 

+ 


7-Hydroxy propyl: CH2CH2CH2OH 

•f 

+ 

+ 

/ 9 -Aminopropionic acid: CH2CHNH2COOH 

- 

+ 


Vinyl: CH==CH2 


-f 

d= 

Acetamide: CH2CONH2 



♦ 


+ = growth; — = no growth; dt — questionable growth. 

^jKnight (1937), Knight and Mcllwain (1938). 

* Lwoff and Dusi (1938). 

* Schopfer (1938, 1943), Robbins and Kavanagh (1938, 1941, 1942), Bonner and 
Erickson (1938). 


demonstrated a similar high degree of specificity. In fact, the data in 
Tables 14 and 15 show that even a slight alteration of 4-methyI-5- 
hydroxyethyl thiazole makes the compound inactive or greatly reduces 
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its activity. Many other substitutions of the thiazole- and sulfur- 
containing compounds have been tested for their ability to replace 
the thiamin thiazole [see Robbins and Kavanagh (1942)], but, since 
they are ineffective, they will not be mentioned. 

It should be mentioned also that Woolley and White (1943) have 
found that many microbial species are inhibited by pyrithiamin, 
l-[(4-amino-2-methyl)-5-pyrimidylmethyl]-2-methyl-3-(/3-hydroxyethyl) 
pyridinium bromide. The more exacting a given species is in its re¬ 
quirements for thiamin, the more susceptible it is to the action of 
pyrithiamin. In all instances the inhibition of growth by these sub¬ 
stances is overcome by adding thiamin to the medium. It is also of 
interest that Sarett and Cheldelin (1944) found pyrithiamin to be 
more inhibitory to the utilization of diphosphothiamin (cocarboxylase) 
than of thiamin in the growth of Lactobacillus fermentum. 

Although required in small amounts for growth, thiamin is not to be 
regarded merely as a stimulant for this activity. It plays a definite and 
significant role in the metabolism of carbohydrates by organisms and 
may also take part in other metabolic processes. In the discussion of 
coenzymes in Chapter 6 we mentioned that thiamin combines with 
phosphoric acid to form thiamin pyrophosphate or cocarboxylase, 
which in association Avith a specific protein is concerned in the decar¬ 
boxylation and oxidation of pyruvic acid, an important intermediate 
in the metabolism of glucose. Also, there is some evidence that thiamin 
(or cocarboxylase) is oxidized to thiochrome and that this thiochrome 
is ineffective or is much less effective than thiamin or cocarboxylase, 
probably because the change of thiamin to thiochrome is not readily 
reversible. It appears, therefore, that at least one of the functions of 
thiamin is to serve as a precursor of a part of an enzyme system in¬ 
volved in respiration and that it is eventually rendered inactive, 
possibly by its oxidation to thiochrome or by some other reaction. 

RIBOFLAVIN (VITAMIN Bg OR G) 

Riboflavin, also called vitamin B 2 or G and lactoflavin, is widely 
distributed in nature; in fact, every plant and animal cell seems to 
contain some. The compound belongs to a subdivision, called flavins, 
of a class of colored, water-soluble, naturally occurring substances 
known as lyochromes. The members of the subdivision are usually 
named according to their source, for example, lactoflavin from milk, 
ovoflavin from eggs, and uroflavin from urine. With few exceptions, 
however, all the naturally occurring flavins appear to be identical 
with riboflavin. Riboflavin can be prepared commercially from nat¬ 
ural sources, such as whey or yeast, or as a by-product of butyl alcohol 
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fermentation, or it can be synthesized from o-xylene, cJ-ribose, and 
alloxan. The compound has the following formula: 

6' CH^H 

4' HO-C-H 

3' HO-dj—H 

2' HO-dj-H 

1' H-dj-H 


I 



e.7 Dlnieibyl>9 iX\d rlbltyl) 
Isoalioxazine, 
Riboflavin, Vitamin B % 


Riboflavin occurs as fine orange-yellow needles and is slightly soluble 
in water (12 mg. in 100 ml. at 27.5°C., 19 mg. at 40°C.), ethyl alcohol 
(4.5 mg. at 27.5®C.), amyl alcohol, and phenol and in alkali solutions, 
but is insoluble in chloroform, ether, acetone, and benzene. When 
protected against light, it is quite stable in acid solutions, but it der 
composes in alkalies. It is rather thermostable, since it will stand 
autoclaving at 120°C. for over an hour. 

Many bacteria [see Warburg and Christian (1933), Boissevain, Drea, 
and Schultz (1938), Snell and Strong (1939), Krauskopf, Snell, and 
McCoy (1939), O^Kane (1941), Peterson and Peterson (1945)], molds 
[Lavollay and Laborey (1938)], and related fungi [Raffy (1939), Schop- 
fer (1943)] are capable of synthesizing riboflavin and therefore do not 
need an external supply of this vitamin for growth in chemically 
defined media. For example, Boissevain, Drea, and Schultz (1938) 
found that the synthetic culture medium in which they had cultivated 
four strains of Mycohacterium tuberculosis for 6 weeks contained 0.5- 
2.86 Mg-/ml. of riboflavin, and others [Rohner and Roulet (1939), 
Street and Reeves (1940)] have calculated that tubercle bacilli them¬ 
selves contain 12.5 to 36.6 mg. of flavin per kilogram of dry organisms. 

A number of bacteria have been studied which require an external 
supply of riboflavin for growth in chemically defined media or are 
stimulated by its presence in such media. A few examples of these 
organisms are listed in Table 16. It also seems probable that riboflavin 
or some derivative of it is associated with one of the enzymes involved 
in the luminescence of bacteria [Doudoroff (1938)]. 
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It is of interest that Foster (1944) has described a new bacterial 
species, Pseudomonas rihoflavinus, which oxidizes riboflavin to lumi- 
chrome (6,7-dimethylalloxazine) according to the following reaction: 

C17H20O6N4 + ^2^2 —^ C12H10O2N4 + 5CO2 + 5H2O 

More work has been done on the action of riboflavin on the growth 
of the lactic acid bacteria than on that of any other organisms, although 
Krauskopf, Snell, and McCoy (1939) have also made a survey of the 
riboflavin requirements of a great many other bacteria. The most 
complete studies of the riboflavin requirements of tlie lactic acid 
bacteria are those of Snell and Strong (1939) and Mollcr (1940). 
Some of their results may be summarized briefly. They found that 
the presence of riboflavin in the medium was required for the growth 

TABLE 16 

Several Organisms Which Requikb Riboflavin in Simple Media ou Are 



Stimulated by 

It 

Organism 

Quantity Used per 
Milliliter of Medium 

Reference * 

Many lactic acid bacteria of the 

0.1 Mg. 

Orla-.Iensen, Otte, and Snog-Kjaer (1936) 

genera Lactobanllus, Leuco> 

nostoct and Streptococci 

0.05-0.1 Mg* 

Snell and Strong (1939) 


0.1 Mg. 

Krauskopf, Snell, and McCoy (1939) 


0.05-0.1 Mg. 

Moller (1940) 


0.2 Mg. 

Pollack and Lindner (1942) 


0.002-0.02 Mg. 

Campbell and Ilucker (1944) 

Several propionic acid bacteria 

0.1-1 Mg. 

Wood, Anderson, and Workman (1938), 

of the genus Propionibacter- 


Krauskopf, Snell, and McCoy (1939), 

ium 


Thompson (1943) 

Hemolytic streptococci of 

0.004-1 Mg. 

Woolley and Hutchings (1939), Pappen- 

Groups A, B, C, D, etc. 


heimer and Hottle (1940), Woolley 

Streptococcus fecalia 

0.1-2.5 Mg. 

(1941), Bernheimer, et al. (1942); see 
discussion for other references. 
Schuinan and Farrell (1941), Niven, and 

Streptococcus paracitrovorua 

0.1-2 Mg. 

Sherman (1944) 

Wood, Anderson, and Workman (1937) 

Streptococcus lactis 

1 Mg. 

Niven (1944) 

Diplococcus pneumoniae^ 

0.1 Mg. 

Rane and Subbarow (1940) 

types II, V, VIII 

Sarcina flava 

0.05 Mg. 

Sartory, Sartory, and Meyer (1938) 

Erysipelothrix rhusiopathiae 

0.05-0.5 Mg. 

Hutner (1942) 

lAsterella monocytogenes 

0.05-1 Mg. 

Porter and Pelczar (1941), Hutner (1942) 

Achromobacter pkosphortcum 

0.02-10 Mg. 

Doudoroff (1938) 

Clostridium per/ringens (toxin 

0.2 Mg. 

Tamura, Tytell, Boyd, and Logan (1941) 

formation) 



Clostridium tetani 

0.01 Mg. 

Mueller and Miller (1942), Feeney, 

Nonsporulating, anaerobic 

40 Mg. 

Mueller, and Miller (1943) 

West, Lewis, and Militzer (1942) 

bacilli 

Leptospira canicola 

0.001 Mg. 

Rosenfeld and Greene (1941) 

Molds and filamentous fungi 

0.02-1 Mg. 

Robbins and Kavanagh (1942) 

(3 species) 

Protozoa 


Dewey (1941) 


* For other studies where riboflavin has been used these references, the review by Peterson and 
Peterson (1945), and the discussion earlier in the chapter should be consulted. 
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of Lactohdcillus deJbrilchiiy LactobacilliLs gayoniif Lactobacillus casei, and 
Bacterium hctis-acidi, whereas the growth of Lactobacillus arabinosus^ 
Lactobacillus pentosus, Lactobacillus plantarum (Bacillus brassicae), 
Lactobacillus perUoaceticuSf Lactobacillus mannitopoeuc, Leuconostoc 
mesenteroideSf and Streptococcus lactis was as luxuriant in the absence 
of riboflavin as in its presence. It is therefore apparent that preformed 
riboflavin is not an indispensable nutrient for all species of lactic acid 
bacteria. The indispensability of riboflavin for Lactobacillus casei 
and Bacterium lactis-cu^idi afforded an opportunity for securing data 
on the biological activity of various synthetic flavins, and Snell and 
Strong tested the following compounds for their specificity for these 
bacteria: 



Approximate Growth Response for 


Laeto- 

Bacter¬ 



baetlltis 

ium lactis- 



casei 

acidi 

Rat 

I. 6,7-Dimethyl-9-(l*,«i-ribityl)-isoalloxazine (riboflavin) 

+ + + + 

+ + + + 

+ + + -f- 

II. 6-Methyl-9-(l',d-ribityl)-iaoalloxazine 

+ 

+ 

+ + + + 

III. 7-Methyl-9-(l',d-ribityl)-isoalloxazine 

+ + 

+ + 

+ + + + 

IV. 6-Ethyl-7-methy 1-9- (r,d-ribityl) -isoalloxazine 

+ ^- + 

+ + + 

+ + + + 

V. 0,7-Dimethyl-9-(l',d-arabityl)-isoalloxazine 

0 

0 

+ +? 

VI. 6,7-Dimethyl-9-(l',2-arabityl)-isoalloxazine 

0 

+7 

+ 

VII. 6-Ethyl-7-methyl-9-(l',i-arabifcyl)-isoalloxazine 

? 

? 



VIII. 6,7-Dimethyl-9-(l'HSorbityl)-i8oaUoxazine 
IX. 9-(l^{-Arabityl)>i8oalloxazine 
X. 5,6-Benzo-9>( 1 ',(2>ribityl)-isoalloxazine 
XI. 6,7,9-Trimethylisoalloxazine (lumiflavin) 
XII. 6,7-DimethylaUoxazine (lumichrome) 
XIII. Riboflavin tetraacetate 


A survey of the action of these flavins showed that besides riboflavin 
only compoimds II, III, and IV, all derivatives of ribose, exhibited 
appreciable activity when tested in amounts of 0,05-0.1 of 

medium; flavin IV was approximately equal in action to I (riboflavin), 
and the potencies of III and II were less, II being the least active. 
Bacterium lactis-acidi also showed a slight response to 10 ng. of VI, but 
this reaction was not consistent; and in the presence of suboptimal 
amounts of riboflavin compounds V, VI, VII, and X exhibited detect¬ 
able activity. On the other hand, compounds VIII, XI, XII, and 
XIII showed no activity under any conditions. With few exceptions 
these results with bacteria compare with those of experiments in which 
the rat was used as the test organism [see Moller (1940)]. 

The physiological role of riboflavin in microorganisms has not been 
studied very extensively. It is, however, reasonable to assume that 
practically the same reactions are carri^ out by riboflavin, especially 
as part of enzyme systems in microorganisms as in animals. Since 
the reactions catalyzed by the flavin enzymes are discussed in Chap¬ 
ter 6, they will not be mentioned here. 
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NICOTINIC ACID AND NICOTINAMIDE AND THEIR 
DERIVATIVES (PYRIDINE COENZYMES, ETC.) 

The chemical constitution and natural occurrence of nicotinic acid 
have been known for a long time, but it has only been within the past 
ten years that its importance in cellular metabolism has been realized. 
In 1935 Warburg and Christian and von Euler and his associates found 
that nicotinamide was a component of certain coenzymes (coz3anase, 
or di- and triphosphopyridine nucleotide) responsible for the transfer 
of hydrogen in biological oxidations. This discovery showed that 
nicotinamide played an important role in the cellular metabolism of 
both plants and animals and led to renewed interest in nicotinic acid 
and its derivatives. 

Nicotinic acid (or its amide) is a white crystalline powder and is 
readily soluble in water and several other solvents; it is quite stable 
to heat, acids, and alkalies. 


N 

HCe 2CH 


I 


HC5 

V 

H 




COOH 


^ Niootinio acid 
IVridine-3>oarboxylio acid or 
Pyridine-/3-carboxylio acid 



Nicotinic acid, or its derivatives, apparently occurs in all living cells. 
Many bacteria can synthesize the substance because they do not re¬ 
quire an external source for growth in simple media. Other organisms 
are unable to effect this synthesis, however, and therefore must be 
supplied with nicotinic acid for cultivation in an otherwise deficient 
medium. A few bacteria which must be supplied with nicotinic acid 
are listed in Table 17. Growth of many of these organisms is not de¬ 
pendent entirely upon the utilization of nicotinic acid or its amide, 
however, because certain other pyridine derivatives will function in 
their place. This point is illustrated in Table 18, where it will also be 
seen that there is a good correlation between the compounds wtuch 
function in bacterial metabolism and those which cure blacktongue 
in dogs and improve human pellagra. More parasitic organisms, such 
as some of the Hemophilus species, cannot utilize nicotinic acid or its 
simple derivatives but require one of the more complex derivatives of 
nicotinic add (di- or triphosphopyridine nucleotide); this group will 
be (hscussed in detail under the phosphopyridine nucleotides, pp. 718 
and 731 to 732. 
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TABLE 17 


Sevebal OBaANiBMS WHICH Requise or Abb Stimttlatbd bt Nicotinic Acid 
OB Its Derivatives (Coenztub I or II) in SniPLE Media 


Organism 

Quantity Used per 
Milliliter of Medium 

Staphylococcus aureus 

2.6 X 10-8-10-6 M 

Staphylococcus albus 

10-6 Af 

0.001-2 /ig. 

0.8-4 /ig. 

Hemolytio streptococci of 

40-200/ug. 

groups A, B, C, D, etc. 

0.1 iig. 

Streptococcus salivarius 

6 Mg. 

1 Mg< 

Streptococcus lactis 

1 Mg. 

Pneumococci, several types 

60 Mg. 

Corynebacterium diphtherias 

0.1-1 Mg. 

Proteus vulgarist X19 and 

1 Mg. 

7.8 X 10-8-2 X 10-6 Af 

related strains 

Proteus morganii 

2 X 10-6 Af 

0.02-0.033 Mg. 

10-6 Af 

Salmonella paratyphi A and 

0.0003-100 Mg. 

other colon-typhoid-dys¬ 
entery species 

Salmondla gallinarum 

10 mg. 

Shigella dysenteriae, several 

0.01-0.4 Mg. 

strains / 

0.0000-10,000 Mg. 

Brucella species 

1 X 10-8-1 X 10-6 Af 

30 Mg. 

Pasteurdla pestis 

0.2-0.6 Mg. 

0.2 Mg. 

20 Mg. 

PasteureUa species 

0.1 Mg. 

PasteureUa tularensis 

0.1-1 Mg. 

Hemophilus parainfiuenzae 

0.004 Mg. 

(requires coensyme I or 

0.004-4 Mg. 

ID 

Hemophilus pertussis 

0.001-0.6 Mg. 

Lactic acid bacteria (certain 

0.1-0.3 Mg. 

species) 

Propionibacterium species 

0.2 Mg. 

0.01-0.3 Mg. 

Clostridium perfringens 

6 Mg. 

Clostridium tetani 

1 Mg. 

Clostridium sepHcum 

1 Mg 

Leptospira eanicola 

1 Mg. 

L^tospvra icterohemorrhagiae 

100 Mg. 


Referencea * 

Knight (1937) 

Knight and Mcllwain (1938) 

Landy (1938) 

Koser, Finkle, Dorfman, Gordon, and 
Saunders (1938), Vilter and Si^es 
(1940) 

Rane and Subbarow (1938) 
Pappenheimer and Hottle (1940) 
Woolley (1941) 

Smiley, Niven, and Sherman (1943) 
Niven (1944) 

Rane and Subbarow (1940) 

MueUer (1937, 1938) 

Evans, Happold, and Handley (1939) 
Fildes (1938), Lwoff and Querido (1938, 
1939) 

Pelcsar and Porter (1940) 

Morel (1941, 1943) 

Pelcsar and Porter (1940) 

Kligler and Grosowits (1939), Kli^er 
and Grossowios (1941) 

Johnson and Rettger (1943) 

Koser, Dorfman, and Saunders (1938) 
Dorfman, Koser, Reames, Swingle, and 
Saunders (1939) 

Koser, Dorfman, and Saunders (1940), 
Weil and Black (1944) 

Kerby (1939) 

Koser, Breslove, and Dorfman (1941) 
McCullough and Dick (1943) 

Rao (1940) 

Berkman, Saunders, and Koser (1940) 
Tamura and Gibby (1943) 

Lwoff and Lwoff (1937) 

Bass, Berkman, Saunders, and Koser 
(1941) 

Hornibrook (1940) 

Snell, Strcng, and Peterson (1938,1939) 

Pollack and Lindner (1942) 

Snell, Strong, and Peterson (1939) 
Tamura, Tytell, Boyd, and Logan (1941) 
Feeney, Mueller, and MiUer (1943) 
Bernbeimer (1944) 

Rosenfeld and Greene (1941) 

Ward and Starbuck (1^1) 


* For additional studies the discussion on the individual species and the review by Peterson and 
Peterson (1946) should be consulted. 


It is generally assumed that the main activity of nicotinic acid in 
cellular metabolism is to act as a component of certain coen25ymes, 
which in turn function in oxidation-reduction systems. However, 
some evidence has been presented recently which indicates that nico¬ 
tinic acid or its amide may have an additional function outside the 
coenzyme linkages. For example, certain symptoms of blacktongue 
in dogs can be cured by nicotinic acid, but little or no change occurs 
when cozymase is injected intravenously in an amount corresponding 
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to a large dose of nicotinic acid. Mcllwain (1940) studied the action 
of pyridine-3-sulfonic acid and its amide as inhibitors of bacterial 
growth and reported that pyridine-3-sulfonic acid inhibited the growth 
of Proteus promoted by nicotinamide less strongly than it inhibited 
that promoted by diphosphopyridine nucleotide. On the basis of 
these results he postulated that nicotinamide must have some function 


TABLE 18 


The Abilitt of Various Pyridine Derivatives to Serve as Growth Factors 
FOR Bacteria and to Alleviate Canine Blacktonque and 


Human Pellagra 









Lacto- 




Staphy- 

Shi^eOa 


haciUuB 

Cure for 

Cure for 


lococetu 

iyaen- 

Proteiu 

arab- 

Black- 

Human 


aureus^ 

ieriae^ 

vulgaris* 

inonta*’* 

tongue^ 

Pellagra* 

IVridine 


- 

- 


- 


Pyridine-O-carboxylic acid (picolinic acid) 

— 

— 

— 


— 

— 

Fyridino-3-carboxylic acid (nicotinic acid) 

+ 

+ 

+ 

+ 

+* 

+ 

RyridiueHl-carboxylic acid (isonicotinic acid) 

— 

— 



— 


l-Hydropyridine-3-carboxyIic acid (nipecotic acid) 


- 



— 


Pyridine-2.3-dicarboxytic acid (quinolinic acid) 

— 

+ 

± 


— 

± 

Pyridine-3.4-dicarboxylic acid (cinchonieronic acid) 


— 





Pyridine-3,5-dicarboxyUc acid (dinicotinic acid) 
2,4-Diinethyl pyridine-3,Sniicarboxylic acid 







2,4,8-Trimethyl pyri(hoe-3,5-dicarboxylic acid 

— 


— 




Niootinurio acid 

+ 

+ 

+ 

+ 

+ 


Pyridine-3-carboxyIic amide (nicotinamide) 

+ 

+ 

+ 

+ 

+ 

+ 

N-Methyl pyridine-3-carboxylic amide (lucotinic 
acid>N>methyl amide) 
lVridine-3-carboxylic ethyl amide 

+ 

+ 



+ 


Pyridine-3K»rboxylic diethyl amide (coramine) 

— 

+ 

+ 


+ 

+ 

Sodium pyridine-3-carboxylate 

+ 


+ 




Ammonium pyridine-3-carboxylate 

+ 


+ 




Methyl p}rridine-3-carboxylate (methyl nicotinate) 

+ 

+ 





Ethyl pyridine-3-carboxylate (ethyl nicotinate) 

+ 

+ 

+ 

— 

+• 


Propyl pyrldine-3-carboxylate (propyl nicotinate) 


+ 


— 

• 


Butyl pyridine-3-carboxylate (butyl nicotinate) 
2-Metbyl pyridine (^methyl pyridine) 


+ 


+ 

« 


3>Methyl pyridme (^picoline) 

— 

— 

+ 


+ 

+ 

3- Acetyl pyridine 03>aoetyl pyridine) 

4- Methyl pyridine 





““ 


8-Methyl nicotinic acid 



d= 


— 


^rridine-3-eulfonio acid 


— 

+ 


— 


IVridine-^mtrile (nicotinonitrile) 

— 

— 

+ 


— 


Fyridine-3-amide (/S-aminopyridine) 


- 



— 

- 

Ethyl nicotinoacetate 


— 



— 


Trigonelline 

— 

- 

- 

- 

— 

— 

l-Methylmethyl pyridineO-carboxylate (arecoline) 
1-Methyl pyridine-3-carboxylic acid 


““ 

_ 





+ "■ growth or active; — no growth or nonactive; variable results. 

* Also active for chicks. 

^Knight aod Mcllwain (1038). Landy (1038). 

* Dorfman. Koeer. Reames. Swingle, and Saunders (1030), Eoser, Dorfman, and Saunders (1040). 

* Lwoff and Querido (1030), PClcxar and Porter (1040). 

^ Snell and Wright (1041), MOller and Birkofer (1042). 

* Data from Elvehjem and Teply (1043). 
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other than acting as a building stone for di- or triphosphop 3 rridine 
nucleotide, or both. Finally, it has been shown that growth and respi¬ 
ration of dysentery bacilli are much more favorably influenced by 
nicotinic acid or its amide than by the coenz 3 rmes and that the eflicacy 
of the action of the coenzymes can be increased markedly by hydrolysis 
under conditions which free the nicotinamide [Saunders, Dorfman, 
and Koser (1941)]. 

The Pyridine Nucleotides (V-Factor). The so-called V-factor 
was briefly mentioned in connection with hemin but will now be dis¬ 
cussed in more detail. The substance was first demonstrated in fresh 
animal and plant tissues, yeast, and many bacterial cultures by early 
workers [see the references under hemin, pp. 717 to 718, and Meyer 
(1934)], who also observed that it was water-soluble, sensitive to heat 
in alkaline solutions, filterable, and partially adsorbed by bone char¬ 
coal. Although Thjotta and Avery in 1921 considered it an essential 
vitamin for Hemophilus influenzae and called it V-factor, it was not 
until 1937 that the factor was definitely identified. In that year 
Lwoff and Lwoff published their classical papers on the nutrition of 
Hemophilus parainfluenzae and showed that the V-factor was identical 
with Harden and Young’s cozymase and Warburg and Christian’s 
coenzymes (di- or triphosphopyridine nucleotide). Since the chemical 
properties and function of these coenzymes were discussed under the 
pyridine coenzymes in Chapter 6, pp. 466 to 473, they will not be 
repeated here. 

It has been generally assumed that bacteria can be allocated to three 
groups on the basis of their need for the phosphopyridine nucleotides 
(coenzyme I and II): 

1. Organisms which can synthesize coenzyme I or II in a medium 
containing ammonium salts or other simple nitrogenous substances 
and a simple carbon source. Example: Escherichia colL 

2. Organisms which can synthesize the pyridine nucleotides provid¬ 
ing one or more of the components (nicotinamide, adenylic acid, pen¬ 
tose) of the coenzymes are added. Examples: Staphylococcus aureus^ 
Corynehacterium diphtherias, Proteus species, dysentery bacilli. 

3. Organisms which can neither synthesize the pyridine coenzymes 
in a simple medium nor couple the various components together, but 
require the addition of the intact coenzymes for growth. Examples: 
Certain Hemophilus species. 

It should be pointed out, however, that the requirements of this 
third group of bacteria may not be as specific for the intact coenzymes 
as we once thought. Recent studies by Schlenk and Gingrich (1942) 
and Gingrich and Schlenk (1944) have shown that Hemophilus param- 
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fiwnzae and Hemophilm injbiemae can proceed with the synthesis </ 
the pyridine coenzymes if the first step, the linkage between nicotin¬ 
amide and pentose (nicotinamide riboside), is accomplished (see Table 
19). Furthermore, the fact that the nicotinamide riboside and des- 
aminocoenzyme I (a derivative in which the adenylic acid portion of 
the molecule is replaced by inosinic acid) support growth indicates 
that the adenylic acid portion of the molecule is not entirely important 
in the activity of the pyridine coenzymes. The intact coenzymes are 
more active, however, and coenzyme I is the most active of all. Fi¬ 
nally it should be mentioned that Bass, Berkman, Saunders, and Koser 
(1941) have observed that highly purified catalase preparations will 
supply the coenzyme I or II requirements of certain Hemophilits strains 
in simplified media. 


TABLE 19 

Compounds Which Exhibit Growth-Promotinq Activity with HemophiltJis 

parainfluenzde 

[From Schlenk and Gingrich (1942)] 


Compound 

Coenzyme I (Cozymase, DPN) 

Dihydrocoenzyme I (reduced coenzyme I) 

Acid-treated dihydrocoenzyme I 

Desaminocoenzyme I 

Coenzyme II (codehydrogenase II, TPN) 

Nicotinamide riboside 

Nicotinamide -h d-ribose + adenylic acid 


Minimum Concentration 
for Detectable Growth, 
jug. mole/ml. medium 
0.2 X 10~®(0.001326iug.) 
0.3 X 10“^ 

0.6 X lO-*^ 

0.5 X 10~® 

0.6 X 10~® 

0.1 X 10“^ 

No growth with 1 fig, each 


In summary we can say that the phosphopyridine nucleotides are 
important factors in the metabolism of bacteria, since they apparently 
function as hydrogen-transporting substances, or coenzymes, in biolog¬ 
ical oxidations. Certain organisms can synthesize these coenzymes 
from simple substances; others can couple the components together 
and form the intact molecules. Other bacteria appear to require the 
intact molecules for growth, although some doubt has been cast on 
this point in the past few years. 

PYRIDOXINE (VITAMIN Be OR ADERMIN) 

Vitamin Be was first clearly recognized as a substance preventing 
dermatitis in rats by Gyorgy in 1934. Its isolation in crystalline form 
was announced independently by five different groups of workers in 
1938, and its chemical structure and synthesis were reported simul- 
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taneously by two groups of investigators in 1939. 
structure: 


N 


HO 2C—CHs 


HOH 2 C—I 




3COH 


V 

CH 40 H 


It has the foOowing 


2-Methyl-3-hydroxy-4,6-bi8 (hydroxymethyl) pyridine 
Vitamin Bg or Pyridozine 


Vitamin Be is manufactured in the form of the hydrochloride. It 
is colorless, readily soluble in water (22.5 g./lOO ml. at 26.6®C.), ace¬ 
tone, and alcohol. An aqueous solution of the vitamin hydrochloride 
is quite acid (pH about 3.2). Such a solution is quite stable, but less 
acid solutions (above pH 5.0) decompose, especially on heating. No¬ 


table 20 


Several Microorganisms Which Require or Are Stimulated by the 
Presence of Vitamin Be in Simple Media 


Organism 

Quantity Used 
per Milliliter 
of Medium 

Reference • 

Many lactic acid bac¬ 

0.5-1 Mg- 

Moller (1938, 1940), Pollack and 

teria 


Lindner (1942), Bohonos, Hutch¬ 

Hemolytic streptococci 

0,6 Mg. 

ings, and Peterson (1942), Snell 
and Guirard (1943) 

Hutchings and Woolley (1939) 

of Groups A, B, C, 

0.5 Mg. 

Woolley and Hutchings (1939, 1940) 

etc. 

0.2-2.5 X 10”*^ M 

Mcllwain (1940) 


2 Mg. 

Pappenheimer and Hottle (1940) 


1 Mg. 

Woolley (1941) 

Streptococcus fecalis 

0.1-2.6 Mg. 

Schuman and Farrell (1941), Niven 

Staphylococcus albus 

0.3— 1.2 Mg. 

and Sherman (1944) 

Vilter and Spies (1940) 

Yeast 

0.01 Mg. 

Moller (1938) 


1.6 Mg. 

Schultz, Atkin, and Frey (1939) 


0.0001-0.004 Mg. 

Eakin and Williams (1939), Stokes, 

Molds and filamentous 

0.5-6 Mg. 

Gunness, and Foster (1944) 
Robbins and Kavanagh (1942), Fries 

fungi (6 species) 


(1943) 

Oraphium vlmi 

0.00001-0.0006 Mg. 

Burkholder and McVeigh (1942) 


* For other studies where vitamin Be has been used, consult these references, the 
discussion under the nutrition of the individual species, and the review by Peterson 
and Peterson (1945). 
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ticeable decomposition also occurs when dilute solutions are exposed 
to light. 

It has been demonstrated experimentally that vitamin Be is neces¬ 
sary for the growth of several microorganisms in simple media (see 
Table 20). 

Certain other bacteria appear to be able to synthesize the vitamin 
in the rumen of sheep [McElroy and Goss (1939)], but the exact species 
have not been determined. 

In certain lactic acid bacteria vitamin Ba apparently owes its physio¬ 
logical action to the molecule as an entity, because compounds of very 
similar structure and most derivatives of the vitamin are inactive. 
This point may be illustrated by citing the following results of Bohonos, 
Hutchings, and Peterson (1942), who studied the activity of pyridoxine 
derivatives for LactohaciUus casei: 

Comparative Activity * 
of Pyridoxine (Vitamin Bt) 


Compound Derivatives 

2-Methyl-3-hydroxy-4:5-bis (hydroxymethyl) pyri- 1.0 

dine (pyridoxine) 

Derivatives of 2-methyl pyridine: 

3-Hydroxy*4:5-bis (acetoxymethyl)- 0.8-1.0 

3-Acetoxy-4:5-bis (acetoxymethyl)- 0.0 

3-Hydroxy-4:6-bis (bromomethyl)- 0.6-0.8 

3-Amino-4-bromomethyl-5-aminomethyl- 0.0 

3-Amino-4-hydroxymethyl-5-aminoethyl- 0.0 

3-iIydroxy-4-ethoxymethyl-5-hydroxymethyl- 0.3 

3-Hydroxy-4-methoxymethyl-5-hydroxymethyl- 0.3-0.4 

3-Hydroxy-4:5-epoxydimethyl- 0.2-0.3 

3-Hydroxy-4-methy 1-5-hydroxymethyl- 0.03 (?) 

3-Hydroxy-4:5-dimethyl- 0.0 

Lactone of 3-hydroxy-4-hydroxymethyl-5-carboxy- 0.0 

Lactone of 3-amino-4-hydroxymethyl-5-carboxy- 0.0 


* Activity based on the amount of acid produced when the various derivatives 
of the same molarity were substituted for pyridoxine. Somewhat similar results 
have been recorded by Moller (1940) for Lactobacillus arabinosus and the rat. 

The activity of compounds similar to pyridoxine has also been studied 
in some detail by Snell and Rannefeld (1945). They found that 
pyridoxine, 

CH 2 OH 
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pyridoxal, 


and pyridoxamine, 


CHO 

H0,^CH20H 


CHa^. 


'N' 




CH 2 NH 2 

Ho/\jH20H 


CH3I 


N 




have approximately the same activity for one group of organisms rep¬ 
resented by certain yeasts, molds, and the rat. For some yeasts 
pyridoxamine and pyridoxal were somewhat less active than pyri- 
doxinc, but for a large group of lactic acid bacteria pyridoxine was a 
fe^vfold to several thousandfold more active than pyridoxal or pyri¬ 
doxamine. 

The exact functions of pyridoxine, pyridoxal, and pyridoxamine 
have not been fully elucidated. However, Gunsalus and Bellamy 
(1944) showed that pyridoxal stimulated the tyrosine decarboxylase 
system of Streptococcus fecalis R, whereas pyridoxamine did not. The 
exact role of pyridoxal in this enzymatic reaction is still to be deter¬ 
mined. Snell (1945) has also observed that pyridoxal and pyridoxamine 
function in transamination reactions. For example, pyridoxal was 
found to react with glutamic acid to produce pyridoxamine and 
a-ketoglutaric acid. The reaction was demonstrated to be reversible, 
since it could be driven to completion in either direction if sufficient 
glutamic acid or a-ketoglutaric acid was employed. Pyridoxamine 
(or pyridoxal) is also needed in the synthesis of lysine, threonine, and 
alanine by certain lactobacilli [Stokes and Gunness (1945)]. 

Snell (1945a) has shown that pyridoxine, pyridoxal, and pyridox¬ 
amine are widely distributed in nature and that the proportions in 
which the three compounds occur differ markedlj’’ with various ma¬ 
terials. The presence of pyridoxal and pyridoxamine in nature appears 
to explain ‘^pseudopyridoxine^^ activity, as first described by Snell, 
Guirard, and Williams (1942). Snell and Guirard (1943) have found 
also that certain concentrations of alanine will replace pyridoxine in 
the nutrition of some streptococci. In this function it is believed 
that alanine serves as a direct precursor for the vitamin. 
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PANTOTHENIC ACID 

The first indication of the enstence of pantothenic acid is found 
in the early publications on yeast nutrition by R. J. Williams and his 
associates in 1931, but it was 1938 before these workers determined 
the chemical nature of the compound [see Williams (1941)]. Subse¬ 
quently R. J. Williams and Major (1940) and Stiller, Harris, Finkel- 
stein, Keresztesy, and Folkers (1940) synthesized pantothenic acid 
and gave it the following structure and chemical name: 

CHs 

HOH2C • i • CHOH • CO • NH • CH2 ■ CH2 • COOH 
CH3 

(+) -a,7'-Dihydroxy-/9,/S-dimethylbutyryl-/9'-alaxiide 
Pantothenio acid 

Pantothenic acid is made up of two components, the amino group of 
/3-alanine being bound to the carboxyl group of a dihydroxy acid to 
form an acid-amide group. This acid is marketed as the calcium salt. 
It is readily soluble in water (1.0 g./6.9 ml.), dioxane, and several other 
solvents but is practically insoluble in benzene and chloroform. The 
vitamin is sensitive toward strong acids, bases, and heat. It can be 
adsorbed on charcoal but not on Fuller^s earth. i-Pantothenate has 
less than 1.0 per cent of the activity of the d-form as measured by 
bacterial assay [see Williams (1943)]. 

Microorganisms may be allocated to two groups with respect to 
their pantothenic acid requirements: (1) those which synthesize the 
vitamin, and (2) those which need an external supply for growth in 
simple media. The second group may be further subdivided into those 
organisms which need the entire pantothenic acid molecule, such as 
the lactic acid bacteria, the propionic acid bacteria, pneumococci, 
Proteus morganiij and certain strains of Corynebacterium diphtheriae; 
those which need only the jS-alanine portion of the molecule, such as 
yeasts, certain strains of Corynebacterium diphtheriae and the Brucella 
species; and those bacteria, such as certain hemolytic streptococci. 
Brucella species, and Acetobacter suboxydans, which need only the 
aliphatic dihydroxycarboxylic acid part of the pantothenic acid mole¬ 
cule for growth in simple media. A few examples of organisms which 
require, or whose growth is stimulated by, the addition of pantothenic 
acid or its components to simple media are listed in Table 21. Certain 
molds and related fungi synthesize pantothenic acid readily during 
growth; in some other fungi pantothenic acid serves as a growth stim- 


Name derived from the Greek, meaning ‘‘from everywhere.^' 
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ulant without being an indispensable constituent. Certain protozoa 
are also stimulated by the addition of pantothenic acid to their sub¬ 
strate [see Williams (1941)]. 


TABLE 21 

Several Organisms Which Require or Are Stimulated by Pantothenic 
Acid or Its Components (/S-Alanine and/or a-HYDRoxY-^,i8-DiMETHYL- 
7 -butyrolactone) in Simple Media 


Quantity Used per 

Organism Milliliter of Medium References * 


Many lactic acid bacteria of the 

0.005-0.06 Mg. 

Snell, Strong, and Peterson (1938) 

genera LactobaciUua^ Leuco- 

0.6 Mg. 

Krauskopf, Snell, and McCoy (1939) 

nosfoc, and Streptococcus 

0.2 Mg. 

Pollack and Lindner (1942) 

Several propionic acid bacteria 

0.5 Mg. 

Krauskopf, Snell, and McCoy (1939) 

of the genus Propionibacterium 

0.1 Mg. 

Thompson (1943) 

Hemolytic streptococci, groups 

0.05-10 Mg. 

Subbarow and Rane (1939) 

A, B, C, etc. 

0.004-0.1 Mg. 

Mcllwain (1939) 


0.01-1 Mg. 

Woolley and Hutchings (1939) 


0.5 Mg. 

Krauskopf, Snell, and McCoy (1939) 


10 Mg. 

Pappenheimer and Hottle (1940) 


0.1-1 Mg. 

Woolley (1939, 1940) 

Streptococcus salivarius 1 
Streptococcus fecaits > 

Streptococcus lactis J 

1 Mg. 

Smiley et al. (1943), Niven and Sherman 
(1944), Niven (1944) 

Pneumococci, types II, V, VIII 

1 Mg. 

Rane and Subbarow (1940) 

Certain strains of Corynebacter- 

0.031-12.6 Mg. 

Mueller and Klots (1938) 

ium diphtheriae 

0.1 Mg. 

Evans et al. (1939) 

Proteus morganii 

0.0002-1 Mg. 

Pelcsar and Porter (1940, 1941) 


0.0003 Mg. 

Dorfman, Berkman, and Koser (1942) 

Acetobacter suboxydans 

1 Mg. 

Lampen, Underkofler, and Peterson (1942) 


0.1-1 Mg. 

Underkofler et al. (1943) 


2 Mg. 

Karabinoe and Dicken (1944) 

Brucella species 

0.2-0.6 Mg. 

Koser, Breslove, and Dorfman (1941) 


0.04 

McCullough and Dick (1943) 

PasieureUa avicida ) 

Paateurella boviseptica f 

0.1 Mg. 

Berkman, Saunders, and Koser (1940) 

Pasteurella tularensis 

1-4 Mg. 

Tamura and Gibby (1943) 

Clostridium per/ringens 

2 Mg. 

Tamura, Tytell, Boyd, and Logan (1941) 

Clostridium tetani 

0.25 Aig. 

Mueller and Miller (1941, 1942) 

Clostridium thermosacchardlyticum 

0.1 Mg. 

Clark and Mitchell (1944) 

Nonsporulating anaerobes 

2 Mg. 

West, Lewis, and Militzer (1942) 

Yeast 

0.006 Mg. 

Williams, Eakin, and Snell (1940), Wil- 



hams (1941) 

Tonda cremoris 

0.2 Mg. 

Koser and Wright (1943) 

Molds and filamentous fungi 

0.1-1 Mg. 

Robbins and Kavanagh (1942) 

(2 species) 

Cclpodium striatum 


Elliott (1935); see WiUiams (1941) 


* For additional studies these references, the discussions on the individual species, and the review 
by Peterson and Peterson (1945) should be consulted. 


Very little is known about the physiology of pantothenic acid and its 
metabolism in animals, plants, and microorganisms, even though it is 
probably required by all living matter. The compound exhibits con¬ 
siderable specificity, because even the optical isomer, the (—) panto¬ 
thenic acid, is inactive. Certmn salts of the acid are active, but the 
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benzoate, acetate, and diphosphate are inactive. Hydrox 3 rpantothenic 
acid, 

CH2OH 

HOH2C—C—CHOH - CO • NH • CH2 • CH2 • COOH 

I 

CHa 

which contains a jS-methyl and a /^-hydroxymethyl group, rather than 
the /3, j3-dimethyl groups of normal pantothenic acid, is less than 25 per 
cent as active biologically as the normal acid [Mitchell, Snell, and 
Williams (1940)], and a-methyl pantothenate is active only to a limited 
extent for certain lactic acid bacteria and for yeast [Pollack (1943)]. 

Dorfman, Berkman, and Koser (1942) and Hills (1943) have pre¬ 
sented evidence which indicates that pantothenic acid is concerned 
with the metabolism of pyruvic acid, such as the conversion of pyruvic 
acid to lactic acid or to acetic acid, by Proteus morganiiy but the mech¬ 
anism is unknown. Teague and Williams (1942) have also observed 
that added pantothenic acid has no appreciable effect on the fermenta¬ 
tion of glucose, the rate of phosphorylation of glucose, or the rate of 
decarboxylation of pyruvic acid by yeast maceration juice, but fer¬ 
mentation by pantothenate-deficient yeast cells is accelerated by added 
pantothenic acid and is accompanied by a ^ ^binding'^ of pantothenic 
acid by the yeast cells. Since added pantothenic acid has no effect 
on the rate of glycolysis of homogenized pantothenate-deficient chick 
tissues, Teague and Williams concluded that the compound does not 
serve as a dissociable coenzyme for the glycolytic system [see Mcllwain 
and Hughes (1944)]. More recently Sevag and Green (1944) have 
found that pantothenic acid is required for the building of tryptophan 
by certain strains of Staphylococcus aureus. Thus it appears that 
pantothenic acid functions in several metabolic processes. 

Bacteria which require intact pantothenic acid for growth are in¬ 
hibited by N-(a, 7 -dihydroxy-/S,j 8 -dimethylbutyryl)-taurine [Snell 
(1941)] and pantoyltaurine, 

H3C 

HaC^C • COH • CO • NH • CHa • CHz • SO3H 

HaC^ 

[Mcllwain (1942)], which are chemically related to pantothenic acid. 
The compounds appear to act in the same way that sulfanilamide acts 
on p-aminobenzoic acid; that is, they become attached to the bacteria 
at enzymes where pantothenate must react for normal growth. Pan¬ 
toyltaurine has about to of the affinity of pantothenate for 
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the enzymes concerned. In concentrations greater than 100 to 500 
times that of the pantothenate present, pantoyltaurine apparently 
blocks the majority of the active centers of the enzymes where panto* 
thenate normally reacts. Since pantoyltaurine cannot functionally 
replace pantothenate, the essential process ceases, and the organisms 
are unable to grow. Organisms needing pantothenate are not equally 
susceptible to the action of N-(a,7-dihydroxy-^,/3-dimethylbutyryl)- 
taurine and pantoyltaurine, and it appears that those organisms which 
synthesize their own pantothenic acid, either completely or from added 
iS-alanine, are not inhibited [see Mcllwain (1943)]. 

BIOTIN (VITAMIN H, COENZYME R, BIOS IIb, ETC.) 

Biotin was first recognized as a growth factor for yeast by Kogl in 
1935. Later it was isolated as the pure crystalline methyl ester by 
Kogl and Tonnis (1936), who obtained only 1.1 mg. from 250 kg. of 
dried Chinese duck egg yolks by several ingenious chemical techniques. 
As the result of studies by several workers, especially West and Wilson 
(1940) and Gyorgy, Melville, Burk, and duVigneaud (1940), we now 
know that biotin is identical with vitamin H (the so-called anti-egg- 
white-injury factor), coenzyme R, bios IIb, and probably several 
other factors which have already been described in the literature; 
however, the name biotin is now quite generally used for all these 
factors. 

Biotin is 2'-keto-3:4-imidazolido-thiopane-(2)-n-valeric acid. The 
formula for biotin methyl ester [duVigneaud, Hofmann, and Melville 
(1942), duVigneaud (1942), Hofmann (1943)] is as follows: 

O 

C 

HN 3 ' I'NH 



,4 a| 

HzCs 2 CH • (CH2)4 • coo • CHa 

\i/ 


S 


Biotin methyl ester 


Biotin (free acid) is insoluble in water and several other ordinary 
solvents but is quite soluble in basic solutions; the methyl ester, on 
the other hand, is soluble in alcohol and chloroform and sparingly 
soluble in benzene, but insoluble in ether and water. It is quite heat- 

For a review of the literature on vitamin H, biotin, and coeznyme R see Landy 
(1941), Hofmann (1943), and Peterson and Peterson (1945). 
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stable^ readily dialyzable, and resistant to treatment with acid, except 
nitrous acid, or alkali. It is adsorbed on charcoal and is optically 
active. Synthetic biotin has the same potency as natural biotin, but 
d2-biotin is only about 60 per cent as active, and i-biotin and di-allo- 
biotin are almost inactive [Stokes and Gunness (1945a)]. The free 
acid and the methyl ester possess about the same biological activity; 
however, some lactic acid bacteria exhibit better growth and fermenta¬ 
tion with the free biotin [Stokes and Gunness (1943)]. 

Biotin has been found widely distributed in the plant and animal 
kingdoms. It is necessary to add the vitamin to simple media before 
certain microorganisms wrill grow (see Table 22), but a number of other 


TABLE 22 


Several Organisms Which Require Biotin in Simple Media or Are 
Stimulated by It 


Organism 

Staphylococctu aureua 


Pneumooooci, 26 types 
Hemolytic streptococci of 
groups A, B, C, D, etc.; 
viridans streptococci, etc. 
Streptoeoecua thermopkUua 
Root-nodule bacteria of the 
genus Rhizobium 


Shigdla paradyaerUeriae 
(Flezner) (some strains) 
Coryndtacterium diphtheriae 
(Allen strain) 

Lactic acid bacteria of the 
genus Lactobaeillua 
Propionibacterium species 
Brucdla species 

Cloatridium biUylieum 
Cloatridium aepticum 
Cloatridium acetobutylicum 

Cloatridium aporogenea and 
related Cloatridia 
Several Cloatridium and 
Lactobaeillua species, 
BacUlua brevia 
BhodoapiriUum rubrum 
Yeast 


Torula cramoria 
Aahbya goaaypii, Fuaarium 
aaenaeaumt and related 
fungi 


Quantity Used per 
Milliliter of Medium, 
A>g. 

0.000005-0.005 

0.098 

0.005-0.1 

0.0002 

0.00002-0.001 


References * 

K6gl and van Wagtendonk (1038) 

Sartory, Meyer, and Netter (1039) 

Porter and Pelczar (1040, 1041) 

Bohonoe and Subbarow (1943) 

Hottle, Lampen, and Pappenheimer (1941); 
see discussion 


Trace 

0.0005 

0.06-50 

0.00002 

0.2 


Pray (1941) 

Allison, Hoover, and Burk (1033) 
Nilsson, Bjhifve, and Burstrom (1939) 
West and Wilson (1942) 

Wilson and Wilson (1042) 

Weil and Black (1944) 


0.15 


0.0004-0.004 


0.01 


0.5 

0.001 

0.0000133-0.00066 

0.001 

0.00025 

0.0000055-0.00023 

0.00001-0.001 


duVigneaud, Dittmer, Hague, and Long 
(1942) 

Snell and Wright (1941), Pollack and Lindner 
(1942), Stokes and Gunness (1943) 
Thompson (1943) 

Koser, Breslove, and Dorfman (1941) 
McCullough and Dick (1943) 

Snell and Williams (1939) 

Bernheimer (1944) 

Weizmann and Rosenfeld (1939) 

Oxford, Lampen, and Peterson (1940) 
Peterson, McDaniel, and McCoy (1940), 
Lampen and Peterson (1943) 

Landy, Dicken, Picking, and Mitchell (1942) 


0.001-0.002 

0.167 

0.000025 

0.0001 


0.002 

0.002-0.05 

0.00012-0.012 


Hutner (1944) 

Kdgl (1935) 

K5^ and Tdnnis (1936) 

Williams, Eakin, and Snell (1940), Leonian 
and Lilly (1942), Lochhead and landerkin 
(1942) 

Koser and Wright (1943) 

KOgl and Fries (1987) 

Robbins and Sebmidt (1939), Robbins and 
Ma (1941), Robbins and Kavanagh (1042), 
Fries (1043) 


* For additional studies these references, the discussions on the individual spedes, and the review 
by Peterson and Peterson (1045) should be consulted. 
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bacteria, molds, and related fungi synthesize this vitamin in chem¬ 
ically defined biotin-free media in amounts ranging from approximately 
0.33 millimicrograms (or 0.00033 /ig.) for Monilia albicans to 30.3 
millimicrograms for Escherichia coli per milliliter of culture medium 
[Landy and Dicken (1941), Eakin and Eakin (1942)]. In Aspergillus 
niger biotin synthesis appears to be associated with the presence of 
pimelic acid in the medium, and it has been postulated that the pimelic 
acid serves as one of the precursors of biotin [Eakin and Eakin (1942)]. 
Biotin is also synthesized by the microorganisms in the rumen of cattle 
[Wegner, Booth, Elvehjem, and Hart (1940)]. 

The role which biotin plays in microorganisms may be that of a 
true growth stimulant, but it also appears to function in other ways. 
For example, it has been observed that in yeast biotin increases fer¬ 
mentation more directly than respiration, and respiration again more 
directly than growth [Burk, Winzler, and duVigneaud (1941)]. It 
has also been shown for the root-nodule bacteria that their respiration 
can be markedly increased without concomitant growth by the addi¬ 
tion of biotin to the culture medium [Allison, Hoover, and Burk (1933)]. 
It is of interest that biotin will replace pimelic acid in the nutrition of 
Corynebacterium diphtheriae [duVigneaud, Dittmer, Hague, and Long 
(1942)]. This fact suggests that pimelic acid may be a precursor of 
biotin. Furthermore biotin can be partially replaced by dir or i-aspartic 
acid for Torula cremoris, but nothing is known about this relationship. 
A close connection between this vitamin and fat metabolism in animals 
has also been postulated. 

Desthiobiotin methyl ester has the following formula: 


O 


C 

/ \ 

HN NH 


H3C—HC- 


-CH(CH2)5C00CH3 


It can be formed from biotin methyl ester by replacement of the sulfur 
atom in the molecule by two hydrogen atoms [Melville, Dittmer, 
Brown, and duVigneaud (1943)]. This compound can replace biotin 
in the nutrition of yeast, but not of some other fungi, including the 
bacteria, Lactobacillus casei, Lactobacillus arabinosus, and Rhizobium 
trifolii. In the presence of an exogenous supply of biotin, desthiobiotin 
does not show any inhibitory effect for yeast or some bacteria, but it 
exhibits an antibiotin action with Lactobacillus casei and some higher 
fungi [Dittmer et al (1944), Lilly and Leonian (1944)]. 
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Biotin is made xmavailable to the living organisms (rats, chicks, 
yeasts, and bacteria) by the formation of a complex with a protein 
constituent of raw egg white, and the typical syndromes of a biotin 
deficiency occur (or in certain microorganisms no growth takes place) 
when, instead of the free biotin, the protein-complex is administered 
or is placed in the medium [see Eakin, Snell, and Williams (1940), 
Pennington, Snell, and Eakin (1942), Landy, Dicken, Bicking, and 
Mitchell (1942)]. In general those microorganisms which have been 
found to require biotin (see Table 22) are inhibited by the protein- 
biotin complex, whereas those organisms, such as Escherichia coli and 
Serratia marcescensy which synthesize biotin are unaffected [Landy, 
Dicken, Bicking, and Mitchell (1942)]. The combination of biotin 
with the protein appears to be rather firm because the biotin cannot 
be recovered by dialysis. The protein which has the peculiar capacity 
of binding biotin is called avidin and has been obtained in crystalline 
form by Pennington, Snell, and Eakin (1942). It is of interest in con¬ 
nection with the discussion of avidin to mention the work of Dittmer 
and duVigneaud (1944). They found that a number of compounds 
with a urea ring and a carboxylic acid side chain of five or six carbon 
atoms are able to combine with avidin, whereas other substances 
without a cyclic urea structure are unable to do so. 

Burk and Winzler (1943) have obtained biotin-like products from 
urine and vitab hydrolysates which they have designated as miotin, 
tiotin, and rhiotin, depending on their reaction to heat, avidin, yeast, 
and root-nodule bacteria. Since these products have not been iden¬ 
tified chemically, and since many of their properties are possessed by 
known derivatives of biotin, little advantage seems to be gained from 
the introduction of these terms. 

p-AMINOBENZOIC ACID (GROWTH FACTOR-P FOR BACTERU) 

p-Aminobenzoic acid is apparently widely distributed in nature, 
but no quantitative data are available on this point. The compound 
has the following chemical formula: 

COOH 

f/\ 

V 

NH2 

fHAminobensoio acid 

H. N. Green (1940) found that bacterial extracts contain an antisulfanilamide 
factor which powerfully stimulates the reproduction of many bacteria. The factor 
was termed provisionally P-factor (proliferation or pullulation factor), but was 
not isolated in pure form. 
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It is soluble in water (0.33 per cent at 10°C.), alcohol (11.3 per cent at 
10°C.), and ether (6.11 per cent at 10°C.). It is an interesting com¬ 
pound because it acts both as an acid and a base, that is, it is am¬ 
photeric. 

The discovery that p-aminobenzoic acid is a growth factor for 
bacteria and a vitamin for higher animals was made rather indirectly. 
In 1940 Woods and Fildes were studying the mode of action of sulfanil¬ 
amide and made the interesting observation that 2 >-aminobenzoic acid 
acts as an antisulfanilamide agent. Subsequently Woods (1940) found 
that yeast extracts contain a factor which counteracts sulfanilamide 
activity and suggested that this factor was identical with p-amino¬ 
benzoic acid; at the same time Green (1940) reported that bacterial 
extracts contain an antisulfanilamide factor (termed provisionally 
P-factor), but he did not realize that it was p-aminobenzoic acid. In 
the same issue of the journal in which Green and Woods published 
their work Selbie (1940) reported that he was able to inhibit by means 
of p-aminobenzoic acid the protective action of sulfanilamide in mice 
infected with fatal doses of hemolytic streptococci. In December, 
1940, Rubbo and Gillespie recovered p-aminobenzoic acid as the 
benzoyl derivative from yeast and noted that it is not only an anti¬ 
sulfanilamide agent but also a growth factor for Clostridium aceto- 
butylicum. About the same time Fildes (1940) concluded that p-amino- 
benzoic acid is an essential metabolite for many bacteria, and Ansbacher 
(1941) presented evidence to show that the compound is a vitamin, 
namely, a chromotrichia factor for the rat and a growth-promoting 
factor for the chick. 

Little is known about the physiological action of p-aminobenzoic 
acid, except that it does not function as a source of carbon and energy 
[Saz and Bemheim (1942)], It is known to be synthesized by many 
bacteria in media containing no p-aminobenzoic acid [Landy, Larkum, 
and Oswald (1943)]. It is also required as a growth factor for certain 
bacteria [Fildes (1940)], such as Clostridium aceiobutylicum, Clostridium 
butylicumy and Clostridium felsineum [Rubbo and Gillespie (1940, 
1942), Rubbo et al, (1941), Lampen and Peterson (1941, 1943), Park 
and Wood (1942), Clark and Mitchell (1944)], Brucella abortus [Green 
(1940)], hemolytic streptococci [Selbie (1940)], some strains or species 
of lactic acid bacilli [Moller and Schwarz (1941), Kuhn and Schwarz 
(1941)], and Acetobacter suboxydans [Lampen et al, (1942)]. It is also 
required by some filamentous fungi, such as CeraJtostomella piceaperda 
and Neurospora crassa [see Robbins and Kavanagh (1942), Wyss, 
Lilly, and Leonian (1944)]. The needs of the microorganisms which 
require this vitamin are satisfied by about 0.05 to 1.0 /zg./ml. of med¬ 
ium. Wyss and his associates have shown, however, that the effective- 
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ness of p-aminobenzoic acid as a growth factor decreases with an in¬ 
crease in pH. For example, at pH 4.0 the presence of 0.01 pg. of 
p-aminobenzoic acid in 25 ml. of media produced 8 mg. of Neurospora 
mycelia, whereas at pH 6.0 0.1 jug* and at pH 7.0 over 0.4 /ig. was 
required to produce the same weight of mold tissue. The addition 
of the vitamin (5 mg./lOO ml.) to all routine culture media has been 
recommended by Janeway (1941). 

The therapeutic action of some sulfonamide drugs is inhibited or 
completely neutralized by p-aminobenzoic acid in mice infected with 
hemolytic streptococci, pneumococci, and staphylococci [Selbie (1940), 
Landy and Wyeno (1941), McCarty (1941), and others]. In vitro 
p-aminobenzoic acid has a pronounced influence on tyrosinase activity 
[Wisansky, Martin, and Ansbacher (1941)], inhibits the oxidation of 
adrenaline, and appears to function in certain other enzymatic proc¬ 
esses [Martin, Ichniowski, Wisansky, and Ansbacher (1942)]. Experi¬ 
mental evidence for Woodses hypothesis that p-aminobenzoic acid and 
sulfonamides have a common point of attack on some enzyme system 
or systems is presented clearly in the paper by Rubbo and Gillespie 
(1942). Their findings reveal that a remarkably small amount of the 
growth factor is necessary to remove the inhibitory action of the drug 
for Clostridium acetobutylicum. As will be seen in Table 23, 0.001 pg. 
of p-aminobenzoic acid antagonizes 26 pg. of sulfanilamide, that is, 
one part by weight neutralizes 26,000 parts of drug. Similarly, if the 
concentration of inhibitor is increased twofold or fourfold, a propor¬ 
tionate increase of growth factor is necessary to permit growth. Quite 
similar results were reported by Woods (1940) with hemolytic strepto¬ 
cocci and Escherichia coli. He found that a final concentration of 

TABLE 23 

The Neutralizing or Inhibitory Action of p-Aminobenzoic Acid on 
Sulfanilamide Inhibition of Clostridium acetobutylicum 

[From Rubbo and Gillespie (1942)] 


Amount of p-Aminobenzoic Ratio of Sulfanilamide 


Concentration of Acid per Milliliter of Basal Medium, 

to p-Aminobenzoic 

Sulfanilamide 



Acid by Weight 

Molarity pg./ml. 0.0005 0.001 

0.002 

0.003 0.004 


JJf/6600 26 - + 

+ 

+ + 

26,000 

Af/3300 62 - - 

+ 

+ + 

26,000 

M/im 104 - - 

— 

+ 

26,000 

— » no growth; + « growth 
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1.2 to 6.8 X 10~^ M p-aminobenzoic acid was sufficient to reverse the 
inhibition of 3.03 X 10~* M sulfanilamide, that is, 0.02 to 0.1 /ig. in 
11 ml. of media, as compared with 570 /tg. of sulfanilamide. 

After the discovery of the growth-stimulating activity of p-amino- 
benzoic acid for Clostridium acetabutylicum, Rubbo, Maxwell, Fair- 
bridge, and Gillespie (1941) tested a series of more than twenty-five 
organic chemicals to determine the connection between molecular 
pattern and growth stimulation. Their results (see Table 24) show 

TABLE 24 

Growth-Factob Acstivitt op Substances Stbucturally Related to 
P-Aminobenzoic Acid 

pFrom Rubbo, Maxwell, Fairbridge, and Gillespie (1941)] 

Growth-Factor Activity, * 


Substance 

Growth 

1 unit in 

1. p-Ami nophenyl acetic acid 

+ 

0.00001 

Mg. 

2. p-Aminobenzoic acid 

+ 

0.0001 

Mg. 

3. p-Aminobenzoic acid (Na*^ salt) 

+ 

0.0001 

Mg. 

4. p-Aminobenzoic acid (ethyl ester) 

+ 

0.0001 

Mg. 

6. p-Aminobenzaldehyde 

+ 

0.0001 

Mg. 

6. p-Aminobenzoic acid (benzoyl derivative) 

■f 

0.001 

Mg. 

7. p-Aminobenzoic acid (diethylaminoethyl 
ester) 

+ 

0.001 

Mg. 

8. p-Nitrobenzoio acid 

+ 

0.001 

Mg. 

9. p-Nitrobenzaldehyde 

+ 

0.01 

Mg. 

10. p-Methylbenzoic acid 

+ 

1.0 

Mg. 

11. o-Aminobenzoic acid 

+ 

10.0 

Mg. 

12. 7n-Aminobenzoic acid 

+ 

10.0 

Mg. 

13. p-Aminobenzamide 

+ 

10.0 

Mg. 

14. p-Aminobenzyl alcohol 

- 

— 


16. p-Hydroxybenzoic acid 

- 

— 


16. p-Aminophenol 

— 

— 


17. p-Dimethylaminobenzaldehyde 

- 

— 


18. p-Aminobcnzene sulfonamide 

— 

— 


19. Benzene 

— 

— 


20. Benzoic acid 

— 

— 


21. Inositol 

- 

— 


22. Nicotinic acid 

— 

— 


23. Thiamin 

- 



24. Tryptophan 

- 

- 


25. Tyrosine 

— 

- 


26. Cholesterol 

— 

— 



• “The unit of growth-factor activity'^ (G.F.A.) is the smallest amount of material 
necessary to stimulate visible growth of Clostridiurn a^tchulylicurn in 5 ml. of basal 
medium under anaerobic conditions at 37^0. for 48 hours. 
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that substances confonning to the structural configuration of p-amino- 
bensoic acid are biologically active. These findings are of particular 
interest in view of the antisulfanilamide properties assigned to a similar 
series of compounds by Woods (1940). The compounds which Woods 
found to be antisulfanilamide in action were demonstrated to be active 
as growth factors by Rubbo and his associates, whereas those found 
to be inactive as antisulfanilamide agents were incapable of supporting 
the growth of CL acetohutylicum. 

From the information obtained by Rubbo and his associates several 
general conclusions are permissible in regard to the relationship of 
chemical structure to growth-factor activity: 

1 . Compounds possessing growth-stimulating properties are aro¬ 
matic compounds containing a di-substituted benzene ring in which 
the substituents occupy 1:4 positions. The orientation is probably 
of fundamental importance, and any departures from it considerably 
reduce the activity of the new compound. For instance, p-amino- 
benzoic acid (2) is ten thousand times more active than o- (11) or tm- 
(12 ) isomers. 

2. In regard to the type of substituents it appears that greatest 
activity is shown when one of the two is an amino group and the 
other a carboxyl or carboxymethyl group. Derivatives of these chem¬ 
ical types or any compound possessing substituents which yield amino 
and carboxyl groups would be included in this category (compounds 6, 
8 , and 9, Table 24). It is of interest that the formation of an amide 
of p-aminobenzoic acid effects a significant reduction in activity (com¬ 
pare compounds 2 and 13, Table 24); this phenomenon is in striking 
contrast to the behavior of nicotinic acid and its amide. The im¬ 
portance of the amino and carboxyl substituents is best illustrated 
by comparing compounds in the inactive group (compounds 14 to 26, 
Table 24). Thus the replacement of —COOH in the 1:4 substituted 
ring of p-aminobenzoic acid by —CH2OH (14) or by —OH (15) or 
the replacement of —NH2 by —N(CH3)2 (17) or —OH (16) results 
in complete inactivation of the new derivative. 

INOSITOL 

Inositol is widely distributed in nature, where it occurs in a number 
of different forms. For example, in many animal tissues it is mostly 
in combination with large molecules, probably proteins; in plants the 
majority appears in the form of hexaphosphate (phytic acid); in the 
tubercle bacillus inositol is bound in the phosphatide fraction as a 
glucoside [Anderson and Roberts (1930)]. 
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ahositol has the following formula: 

OH 

i 

COH 

HodiH nioH 

in 

Inositol 

It is soluble in water (17.5 g. in 100 ml. at 24°C.) but is insoluble in 
absolute alcohol and ether. From its formula it is evident that inositol 
can exist in eight isomeric forms; only one is optically inactive (meso- 
ori-inositol). 

i-Inositol was first demonstrated to be a growth factor for yeast by 
Eastcott (1928), who showed that it was the same as Lucas’ (1924) 
bios I. Since that time it has been observed that certain strains of 
yeast and higher fungi require an external supply of inositol for opti¬ 
mum growth in chemically defined media, whereas other strains are 
apparently able to synthesize it and are not stimulated when the sub¬ 
stance is added to media [Miller, Eastcott, and Maconachei (1933), 
Kogl and van Hasselt (1936), Kogl and Fries (1937), Lesh, Under- 
kofler, and Fulmer (1938)]. In concentrations of 0.01 to 1 per cent 
inositol also stimulates the growth of tubercle bacilli in Long’s syn¬ 
thetic medium, providing large inocula of the bacilli are used [Uyei 
(1930)]. More recently Woolley (1940) has shown that inositol func¬ 
tions as a vitamin in mice by preventing alopecia; and Gavin and 
McHenry (1941) have observed that inositol prevents a fatty liver 
condition in rats. Thus it seems established that inositol possesses 
growth factor or vitamin properties. 

Very little is known about the physiological action of z-inositol. 
The compound is fairly specific for yeast, because only t-inositol and 
methyl inositol (mytilitol) are fully active, and inositol hexaacetate, 
d-inositol, Wnositol, phytin, Na-phytate, and several other derivatives 
are less than one-tenth as active as f-inositol. Mice, however, respond 
to most of the esters of inositol [Woolley (1941)]. The following two 
properties distinguish inositol from the other growth factors so far 
mentioned: 

1. Relatively hi^ concentrations of inositol are required. For 
example, workers have reported that 10 to 50 /ig. is required by certain 
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strains of yeast, and Uyei (1930) found that at least 100 Mg-/niL is 
necessary to stimulate the growth of the tubercle bacillus. 

2. When inositol is added by itself to S3mthetic media, it has prac¬ 
tically no effect. In other words, it becomes a limiting factor for 
growth only when other nutrilites are supplied. 

CHOLINE 

Choline (trimethyl-jS-hydroxyethyl ammonium hydroxide) is a very 
interesting compound from a biological standpoint. For information 
concerning its importance in the nutrition of animals the review by 
Griffith (1941) should be consulted. It is present in many cellular 
phosphatides and most phospholipides and is also concerned with 
the regulation of certain metabolic processes. 

Choline is a colorless, hygroscopic base, readily soluble in water 
and alcohol but insoluble in ether; it forms such salts as chlorides and 
borates very easily, and the solutions of such salts are practically 
neutral. Choline has the following formula: 

HaC 

HaC—NOH • CHa • CHaOH 

/ 

HaC 

Choline (trimethyl-iS-hydroxyethyl ammonium hydroxide) 

Choline is apparently required by all animals, because a deficiency of it 
in the diet causes a variety of physiological abnormalities, such as 
the deposition of excess fat in the liver and a hemorrhagic degeneration 
of the kidneys. Because of the ability of choline to cure such condi¬ 
tions it has been classified as a vitamin [Gyorgy and Goldblatt (1940)]. 
It should also be remembered that choline is a constituent of the im¬ 
portant humoral substance, acetylcholine. 

Choline is also an essential growth factor for several types of Diplo- 
coccus pneumoniae, which require approximately 2.6 to 6 /ig./ml. of 
medium for optimum growth [Rane and Subbarow (1940), Badger 
(1944)]. The structural specificity of choline for the growth of the pneu¬ 
mococcus has been studied by Badger (1944). She tested some thirty- 
five different compounds related to choline and found that all the active 
substances contained a N—C—C—OH or a N—C—C—C—OH link¬ 
age. Substitution of or through the hydroxyl group resulted in com¬ 
plete inactivation of the molecule. Of all the naturally occuring com¬ 
pounds examined only ethanol amine was able to support growth in the 
absence of choline, but a concentration ten times that of choline was 
required for maximum growth. 
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One of the most interesting physiolo^cal processes in animals in 
which choline functions is methyl group transfer. The number of 
naturally occurring compounds which may serve, among other pur¬ 
poses, as suppliers of the essential transferable methyl group is not 
known; but, besides choline, methionine, CH 3 'S-CH 2 'CH 2 'CHNHa* 
COOH, and betaine, (CH 3 ) 3 -N-CH 2 -CO, are known to act in this 

I—^ 

capacity, especially in the absence of choline. Important physicH 
logical processes in which these substances serve as methylating agents 
are, for example, the synthesis of creatine from guanidineacetic acid 
and the synthesis of methionine from homocyst^ne and choline 
[duVigneaud et al. (1939)]. On the other hand, choline and homo¬ 
cysteine can be built up from methionine and ethanolamine. This 
series of reactions may be shown in the following scheme: 


SH 

1 

+ 

CH3 

1 


CH2 

N(CH3)3 

s 

NH2 

1 

3CH2 + 

CH2 — 

1 

1 

—> 3CH2 

1 

1 

+ CH2 

I 

CHNH2 

CH20H 

CH2 

1 

CH2OH 

1 

COOH 


CHNH2 




1 

COOH 


Homocysteine 

Choline 

Methionine 

Ethanolamine 


NH 

II 

NH 2 CNH 

[:h2 


-CHj 


:!OOH 

Quanidineacetio add 


i< 


NH 

II 

-» NH2 C N CH3 

1 

CH2 

COOH 

Creatine 


The physiological action of choline, however, is not due solely to the 
available methyl groups, because ethyl derivatives of choline, which 
are devoid of methyl groups, are unable to support the growth of rats 
on a choline- and methionine-free diet in the presence of homocysteine. 
The ethyl derivatives of choline, however, prevent the hemorrhage 
kidney condition and the other syndromes associated with choline 
deficiency in animals. 
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Whether choline functions in the transfer of methyl groups in bac* 
terial synthesis is not known. Badger (1944) concluded from her study 
of the need for choline in the growth of pneumococci that this function 
seems unlikely. She believes that choline is used for the s 3 aithesis of 
phospholipides in pneumococci. 

p-ALANEVE 

Little is known about the distribution of jS-alanine (CH 2 NH 2 • CH 2 • 
COOH) in nature. It is very soluble in water, slightly soluble in alco¬ 
hol, and insoluble in ether and acetone. jS-Alanine was first demon¬ 
strated to be a growth stimulant for yeast about 1936 [see Williams 
(1941, 1943)]. Soon afterward Mueller and Cohen (1937) reported 
that it was a growth accessory for certain strains of Corynebacterium 
diphtheriae, the optimum amount being about 1 /ig./ml. of medium 
[see Schenck (1943)]. The importance of /3-alanine lies primarily in 
the fact that it may, in chemically defined media, be a precursor of 
pantothenic acid. However, not all organisms which require panto¬ 
thenic acid can synthesize it from /3-alanine (see the discussion on 
pantothenic acid, pp. 736 to 739). It is also probable that /S-alanine 
functions in some other capacity in cellular metabolism besides being 
a precursor for pantothenic acid [see Schenck (1943)]. 


ASCORBIC ACID (VITAMIN C, CEVITAMIC ACID) 


Ascorbic acid is widely distributed in nature, where it occurs both 
in the free and combined form (the so-called ascorbigen). The free 
form has been known as an antiscorbutic substance for some time, but 
its exact constitution has been known only since about 1933. It has 
the following formula: 


O 


O 

Hoi 

Hi 




HCOH 

i: 


o 


1H2OH 


or 


OH OH 

1 1 

3C—=C2 

I I 

HOCH2CHOHHC CO 

6 6 4\ /I 

O 

Ascorbic acid 


Ascorbic acid is quite soluble in water (1.0 g. in 3 ml.), less soluble in 
ethyl alcohol (1.0 g. in 50 ml. absolute alcohol), and insoluble in ben- 
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zenCi ether, and chloroform. It is stable in the dry crystalline form 
but deteriorates rapidly in solution, especially in the presence of air, 
light, and traces of such metals as copper and iron. An outstanding 
property of ascorbic acid is its strong reducing action in solution and 
the ease of its oxidation. Its oxidation-reduction potential at pH 4.0 
and 35 ®C. is +0.166 volt. 

Very little is known about the physiology of vitamin C in micro¬ 
organisms. Some species of higher fungi [Bourne and Allen (1935)] 
and bacteria, such as SerraLia marcescens [Busing and Peters (1940)], 
apparently need ascorbic acid and are able to synthesize it. The addi¬ 
tion of 0.02 per cent ascorbic acid to the culture medium stimulates 
the lactic acid fermentation of Streptococcus lactis [Rahn and Hegarty 
(1938)], and a concentration of 0.05 Mg./ml. accelerates the growth of 
Sarcina flava [Sartory, Sartory, and Meyer (1938)]. The presence of 
ascorbic acid in the substrate is known also to favor the growth of 
molds (Aspergillus species), certain green algae (Hemaiococcus pluvi’- 
alis)y and flagellated protozoa (Trichomonas species) [see Cailleau 
(1939), Ondratschek (1940), Gupta and Guha (1941)]. The presence 
of 0.02 and 0.1 per cent vitamin C in liquid culture media permits 
the growth of certain anaerobes, such as Clostridium tetani and CZos- 
tridium perfringens, in the presence of air [Ehrismann (1936), Kligler 
and Guggenheim (1938), Busing (1941)]. Under such circumstances 
it seems to operate as an oxidation-reduction compound and can 
usually be replaced by other substances, such as cysteine, that regulate 
the O—R potential of the medium. 

GLUTAMINE 

Glutamine (HOOC • CHNH 2 • CH 2 • CH 2 • CONH 2 ) is apparently 
widely distributed in the plant and animal kingdoms, but little in¬ 
formation is available on this point. It is soluble in water (3.5 to 
4 g./lOO ml.), less soluble in alcohol (5 mg./lOO ml,), and insoluble in 
ether. 

In 1939 Mcllwain, Fildes, Gladstone, and Knight showed that the 
growth of certain hemolytic streptococci depended upon the addition 
of glutamine to their medium, the presence of as little as 0.1 pig./ml. 
producing noticeable growth in 24 hours. It was further shown that 
growth would take place, though less actively, if glutamate, instead 
of glutamine, were added in a concentration 100 times greater. Sub¬ 
sequently, Fildes and Gladstone (1939) noted that other organisms, 
especially certain strains of BadUus anthracis and Diplococcus pneu^ 
moniae, were also stimulated by 0.001 M to 0.0002 M glutamine and 
concluded that it probably was associated with the metabolism of 
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many bacteria. After these studies McHwain (1939) reported that 
glutamine was highly specific for hemolytic streptococci, since a num¬ 
ber of related compounds and derivatives had no effect on the growth 
of this organism. Still later Pollack and Lindner (1942) studied the 
effect of glutamine and glutamic acid on the growth of several lactic 
add bacteria. The striking growth effects produced by the addition 
of glutamine to a medium containing most other growth essentials 
are shown in Table 25. In every case there was practically no growth 

TABLE 26 

The ErFECT of Glutamine on the Growth of Lactic Acid Bacteria 
[From Pollack and Lindner (1942)] 


. Amount of Bacteria Formed, Mg- of wet cell/ml. 

Glutamine, , --- 


Mg./ml. 

Streptococcus 

Lactobacillus 

Lactobacillus 

Lactobacillus 

of Medium ♦ 

lactis 

perUosus 

arabinosus 

casei 

0.0 

60 

26 

15 

20 

0.2 

70 

36 

20 

26 

0.6 

100 

60 

36 

30 

1.0 

120 

70 

60 

76 

2.0 

260 

110 

90 

76 

3.0 

380 

140 

135 

70 

4.0 

600 

190 

166 

70 

6.0 

600 

210 

186 

70 

10.0 

660 

280 

275 

76 


* The basal medium employed is listed on p. 707 on the discussion of the nutrition 
of the lactic acid bacteria. 


without glutamine, but a definite response to 0.2 to 0.6 #4g./ml. oc¬ 
curred in 13 hours. This low limit of effectiveness is in essential 
agreement with the results of Mcllwain and his associates for hemolytic 
streptococci and suggests a similarity of function for all organisms. 
Pollack and Lindner also foimd that certain lactic acid bacteria re¬ 
sponded as well to glutamic acid as to glutamine, but others required 
at least eleven times as much acid as amide to produce the same effect. 
Glutamine was also required by certain strains of Neisseria gononhoeae 
[Lankford and Snell (1943)]. 

Leuthardt (1938) and Mcllwain and his associates (1939) suggested 
that ^utamine functions in cellular metabolism as an ammoniar 
transfer agent and works in a cycle, but Pollack and Lindner (1942) 
believed that the most likely explanation is that the bacteria require 
glutamine or glutamic acid simply for the construction of cell proteins, 
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particularly in view of the fact that the requirements of these amino 
acids are of the order of magnitude which would be expected for this 
function. 

PIMEUC ACID 

Kmelic add, HOOC-(CH 2 ) 8 -COOH, is a dicarboxylic acid of the 
oxalic acid series and appears to be present in several animal tissues. 
It is soluble in water (5 g. in 100 ml. at 20‘’C.) and is very soluble in 
alcohol and ether. 

So far pimelic acid has only been shown to be a growth stimulant 
for Corynd>acterium diphiheriae [Mueller (1937)]. In this organism 
its effect becomes evident at concentrations of about 0.005 /xg./ml. of 
mediiun and reaches a maximum at about five times this amount. 
Further increase up to 1.0 per cent has no additional effect and pro¬ 
duces no inhibition of growth. None of the other simple dibasic acids, 
from oxalic to azelaic, has any effect on the growth of this organism 
(see Table 26). 

TABLE 26 


ThB SPBCiriCITT OF PiMBUC AciD FOR THE DIPHTHERIA BaCILLVS 

[Data from Mueller (1937)] 



Solubility in 

100 ml. of H 2 O 

Effect on 

Dibasic Acid 

at 16‘^-20°C. 

Growth 

Oxalic, HOOC COOH 

Slightly soluble 

— 

Malonic, HOOC CH 2 COOH 

73.5 

— 

Succinic, HOOC-(CH 2 ) 2 *COOH 

6.8 

— 

Glutaric, HOOC • (CH 2)3 • COOH 

64.0 

— 

Adipic, HOOC-(CH 2 ) 4 -COOH 

1.5 

— 

Pimelic, HOOC • (CH 2)6 • COOH 

5.0 

+ 

Suberic, HOOC • (CH 2)6 • COOH 

0.14 

— 

Azelaic, HOOC • (CH 2)7 • COOH 

0.24 

- 


— = no effect on growth; + = stimulates growth. 


Little is known about the function of pimelic acid in the metabolism 
of bacteria, and up to the present time it has not been shown to be 
essential for other forms of life. It is of interest that duVigneaud, 
Dittmer, Hague, and Long (1942) have shown that pimelic acid can 
be replaced by biotin in the nutrition of the Allen strain of Coryne- 
bacterium diphtheriac and that biotin synthesis by Aspergtttus niger 
is stimulated by the addition of pimelic acid to the medium [Eakin 
and Eakin (1942)]. This fact suggests that pimelic acid may be 
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synthesized into biotin by these organisms; but, on the other hand, 
such organisms as Lactobacillus casei, which require biotin, do not seem 
to be able to use pimelic acid in its place [Wright (1942)]. 

PURINE AND PYRIMIDINE BASES 

Several purines (adenine, guanine, xanthine, and hypoxanthine) and 
pjnimidines (cytosine, thymine, uracil, and orotic acid) are required 
by microorganisms for growth in simple chemically defined media, 
but as yet they have not found a place in the list of vitamins for higher 
forms of life. 

lUchardson (1936) was the first to demonstrate that the hydrolylic 
products of nucleic acids may be factors limiting growth of various 
organisms under certain conditions. Working with Staphylococcus 
aureus, he showed that uracil (2,6-dihydroxypyrimidine) in a concen¬ 
tration of 0.00005 M was essential for anaerobic growth within 24 hours, 
but not for aerobic growth, in a mixed amino acid medium containing 
pyruvic acid and other necessary nutrients. Twenty-one related com- 
poimds, including the better-known purine and pyrimidine bases, were 
tested, but none had a comparable effect in permitting growth in 
24 hours. Rahn and Hegarty (1938) reported that adenine (0.02 to 
0.6 per cent) may increase the lactic acid fermentation of Streptococcus 
lactis in combination with other factors but not by itself, and Moller 
(1939) showed that adenine or guanine, but not xanthine or hypoxan¬ 
thine, favored the growth of Lactobacillus plantarum. Pappenheimer 
and Hottle (1940) also found that adenine (15 /tg./ml.) was necessary 
for the growth of a strain of hemolytic streptococcus under certain 
conditions; it could be replaced by adenosine or adenylic acid, by 
guanine, guanosine, or guanylic acid, and by xanthine and hypoxan¬ 
thine, but not by uric acid, caffeine, theophylline, or the pyrimidines 
uracil and cytosine. They also made the interesting observation that 
adenine was unnecessary for the growth of this organism if the carbon 
dioxide tension in the gas space above the medium was maintained at 
a sufficiently high level. Stokstad (1941) isolated from liver a dinu¬ 
cleotide containing guanine but no adenine which promoted the growth 
of LactcbaciUvs casei in an amount of 0.02 /^g./ml. of medium. Guanine 
and thymine partially replaced it. Adenine, xanthine, and hypo¬ 
xanthine were as active as guanine, but uracil or cytosine did not 
replace thymine. Mueller and Miller (1941, 1942) found adenine and 
Stokstad’s dinucleotide essential for the growth of Clostridium tetani. 
Adenine could be replaced by hypoxanthine, but not by guaninq 
xanthine, and uric acid. 
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Snell and Mitchell (1941) believe that each of the purine and pyrimi¬ 
dine bases of nucleic acid may, under certain conditions, become lim¬ 
iting factors for the growth of certain lactic acid bacteria. For ex¬ 
ample, adenine was found to stimulate the growth of Ladobacillus 
arabinostis and Lactobacillus pentosus and to be essential for the 
growth of Streptococcus lactis. Uracil stimulated the growth of L. 
arabinosus and of Leuconostoc mesenteroides. Guanine was found to 
be essential for L. mesenteroides and thymine for S. lactis. They also 
observed that in general the purine and pyrimidine bases were re¬ 
placeable by the corresponding oxy-derivatives. Thus cytosine and 
uracil were interchangeable, as were guanine and xanthine. Chatta- 
way (1944) found that orotic acid (uracil-4-carboxylic acid) possesses 
growth-promoting activity for Lactobacillus casei. 

Certain higher fungi (Phycomyces) are quite specific in their re¬ 
quirements for guanine and hypoxanthine. Robbins and Kavanagh 
(1942) and Robbins (1943), for instance, observed that guanine and 
hypoxanthine in amounts of 0.004 to 4 /ig./ml. of a basal medium 
containing minerals, sugar, asparagine, and vitamin Bi increased spore 
germination and the mass of growth of a Phycomyces culture. Adenine, 
xanthine, thymine, uracil, and cytosine were ineffective. Loring and 
Pierce (1944) have also observed that certain pyrimidine compounds 
are essential for the normal development of two mutant strains of the 
ascomycete Neurospora in a simple chemically defined medium. The 
pyrimidine nucleosides, uridine and cytidine, and the nucleotides, 
uridylic acid and cytidylic acid, were found to be from ten to sixty 
times as active in promoting growth as the free pyrimidines, uracil 
and orotic acid. Cytosine and thymine were inactive for one strain 
but permitted some growth of the other. 

The exact function of the purines and pyrimidines in the metabolism 
of these microorganisms is unknown; but, since most of them are 
components of the nucleic acids and certain vitamins, it is reasonable 
to assume that they are used by the organisms to synthesize certain 
essential protoplasmic units. In this connection it is of interest that 
Stokes (1944) has shown that thymine or its nucleoside, thymidine, 
can be substituted for folic acid in the growth of Streptococcus fecalis 
(Streptococcus lactis R); however, at least five thousand times more 
thymine is required than folic acid. It was concluded that folic acid 
probably participates directly or indirectly in the synthesis of thymine 
and related compounds in cells. However, this may not be the only 
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function of folio add and the purine and pyrimidine compounds, be¬ 
cause it will be recalled that certain known coenzymes active in various 
phases of hexose metabolism contain these ring structures as part of 
thdr molecules, for example, riboflavin and thiamin. 

FAT-SOLUBLE FACTORS (VITAMINS A, D, E, AND K, AUXINS, 

AND ESSENTUL FATTY ACIDS) 

Little is known about the various fat-soluble factors in microbial 
nutrition, but it can probably be said that they are a great deal less 
important as growth factors for microorganisms than as vitamins and 
hormones for higher forms of life. On the other hand, certain of these 
factors must have some function in microorganisms, since they have 
been repeatedly isolated from such organisms, and in a few instances 
they have been shown actually to stimulate growth when added to 
culture media. 

Vitamin A (Epithelium-Protecting and Antixerophthalmic 
Vitamin). In general, microorganisms like plants contain only pro¬ 
vitamins A, that is, eompoimds which may be activated to yield vita¬ 
min A. The presence of vitamin A has never been demonstrated in 
microorganisms; and, whatever its fimction is in animals, either micro¬ 
organisms do not need this function or they take care of it by some 
other means. There are nine different naturally occurring compounds 
known as provitamins A, namely, «-, j 8 -, and 7 -carotene, cryptoxan- 
thene, echinenone, myxoxanthin, leprotene, aphanin, and aphanicin 
[Rosenberg (1942)]. These substances are soluble in fats, chloroform, 
carbon disulflde, and benzene but are practically insoluble in alcohol 
and completely insoluble in water, a-, /3-, and 7 -carotene and crypto- 
xanthene have been isolated from several different microorganisms 
(see pp. 421 to 439 on microbial pigments in Chapter 5), and it thus 
appears that they have a definite fimction in microorganisms. What 
this function is, however, has not been elucidated. 

Vitamin D (Antirachitic Vitamin). Actually there are several 
members of this group, but, since the individual substances are diffi¬ 
cult to isolate and characterize, they have not been properly named as 
yet. For convenience they are all usually called simply vitamin D and 
are given subnumbers such as Di, D 2 , and D 3 for differentiation. 
Compounds possessing the physiological property of vitamin D occur 
only in the animal organism, although plants and microoixanisms 
contain materials (provitamins) which can be converted into vitamin D. 
Thus today we have the following members of the vitamin D group 
with their corresponding provitamins: 
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Vitamin D 

Vitamin Di (a molecular compound containing D 2 
and lumisterol 2 ) 

Vitamin D 2 (also called calciferol in England and 
viosterol in America) 

Vitamin Ds (also referred to as dimethyldihydro- 
calciferol) 

Vitamin D 4 

Vitamin Ds 
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Promtamin 

Ergosterol 

Ergosterol 

T-Dehydrocholesterol 

22>Dihydroergosterol 

7-Dehydrositosterol 


Vitamin D occurs only in small amounts in most members of the 
animal kingdom, but abundant quantities are present in the livers 
of certain fish. The provitamins D, on the other hand, are widely 
distributed in nature. It appears that the most prevalent provitamin D 
in higher animals and in man is 7-dehydrocholesterol, whereas plants, 
molds, and yeast contain predominantly ergosterol. The best sources 
of ergosterol are yeasts and certain molds, some of which contain this 
provitamin as practically the only sterol. All the known vitamins D 
and provitamins D have similar solubility characteristics. They are 
insoluble in water but soluble in the typical fat solvents, such as ether. 

Nothing is known about the function of the provitamins D in micro¬ 
organisms. However, Devloo (1938) reported that the addition of 
3 to 10 ng. of ergosterol per milliliter of medium stimulated the growth 
of certain yeasts, and Cailleau (1938) [also see Lwoff (1938)] has ob¬ 
served that some protozoa require cholesterol for growth in peptone 
media. The activity of some seventy-one sterols was also tested by 
Cailleau; besides cholesterol, eighteen other sterols, including ergos¬ 
terol, sitosterol, and 22 -dihydroergosterol, were active, but the re¬ 
mainder, including vitamin D 2 and testosterone, were inactive. 

Vitamin E (Fertility Vitamin). Three different but closely re¬ 
lated compounds have been isolated which produce the physiolog¬ 
ical effects of vitamin E in animals. They are called a-tocopherol 
(C 29 H 60 O 2 ), /3-tocopherol (C 28 H 48 O 2 ), and 7 -tocopherol (C 28 H 48 O 2 ) 
and occur predominantly in vegetable oils, such as wheat-germ oil. 
They have also been synthesized, but they are oils and have not been 
obtained in crystalline form. Some of the esters, however, are crystal- 
lizable. The vitamins E are soluble in lipoid solvents but insoluble in 
water; they are quite sensitive to oxidation, which destroys the biolog¬ 
ical activity. 

It is not known whether the tocopherols play any role in microorgan¬ 
isms. Certain molds (Phycomyces) do not seem to contain any toco¬ 
pherols [Schopfer and Blumer (1939)], but whether this fact means 
that all microorganisms lack vitamin E is unknown. 
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Vitamin K (Antihemorrhagic Vitamin), Vitamin K, like the 
other fat-soluble vitamins, has now expanded into an extensive group 
of biologically active compounds. The existence of two naturally 
occurring vitamins K of high activity, namely, vitamin Ki (2-methyl- 
3-phytyl-l,4-naphthoquinone) and vitamin K 2 (2-methyl-3-difar- 
nesyl??-l,4-naphthoquinone), has been proved with certainty [Rosen¬ 
berg (1942)]. Phthiocol (2-methyl-3-hydroxy-l,4-naphthoquinone), a 
compound occurring naturally in the tubercle bacillus, is also somewhat 
active but in considerably higher amounts. Phthiocol is of special 
historic interest in this field, however, because it was the first pure, 
natural antihemorrhagic compound of known structure to be discov¬ 
ered and used, and its activity confirmed the suggestion of a naphtho- 
quinoid structure for vitamin K [see Almquist (1941)]. 

In general, vitamin K occurs only in plants and microorganisms 
although small amounts are contained in certain animal tissues. Which 
one of the group of vitamins K is present in each source is largely 
unknown, but it is assumed that green leaves of plants, such as alfalfa 
or spinach, contain predominantly or solely vitamin Ki, whereas the 
microorganisms contain vitamin K 2 . In Table 27 is a list of several 
microorganisms, together with their antihemorrhagic activity as com- 

TABLE 27 

Antihemorrhagic Activities op Certain Microorganisms 
[From Almquist, Pentler, and Mecchi (1938), Almquist (1941)] 

Comparative 


Preparation Potency ♦ 

Alfalfa standard 1 

Bacillus subtilis 38 

Bacillus mycoides 31 

Bacillus cereus 23 

Sarcina lutea 20 

Proteus vulgaris 15 

Staphylococcus aureus 12 

Mycobacterium tuberculosis 11 

SerrcUia marcescens {Erythrobadllus prodigiosus) 4 

Aerobacter aerogenes 4 

Escherichia coli 3 

Eberthella iyphosa 3 

Pseudomonas aeruginosa Nil 

Staphylococcus albus Nil 

Streptococcus Utctis Nil 

Monilia albicans and Monilia Candida Nil 

Mucor and PeniciUium species Nil 


* Comparative potency was measured by feeding dried bacteria to vitamin K- 
deficient chicks and then measuring their blood-clotting time. 
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pared with that of alfalfa as a standard [see also Orla-Jensen, Orla- 
Jensen, Dam, and Glavind (1941)]. 

Nothing is known about the physiological function of the anti- 
hemorrhagic compounds which are present in microorganisms. Woolley 
and McCarter (1940) have shown that phthiocol (0.01 to 10 /ig./ml.) 
and 2 -methyl-naphthoquinone ( 0.01 to 1 /ug./ml.) function as growth 
factors for Johne^s bacillus {Mycobacterium paratuberculosis), but it is 
not known whether these compounds stimulate the growth of other 
bacteria in a similar manner. 

Auxins (Plant Hormones). The term auxin was first used to 
designate the plant hormones which regulate the process of cellular 
elongation. We now know, however, that the function of auxins in 
plants is not limited to cell elongation, because botanical investigations 
have shown that they also play a role in phototropism, root develop¬ 
ment, and premature outgrowth of axillary buds. Auxins therefore 
regulate plant growth in many ways [Kogl (1937), Thimann and Bonner 
(1938)]. 

Isolation of the auxins was first carried out successfully about 1931 
by Kogl and his associates in Utrecht. They obtained these substances 
in crystalline form from various sources, such as urine, maize oil, 
malt, yeasts, and molds [Thimann (1935)]; all are insoluble in water 
but are ether-soluble, unsaturated organic acids or their salts or esters. 
There are two well-known groups of auxins, entirely unrelated chem¬ 
ically. To the first group belong auxin a (C 18 H 32 O 5 , a cyclopentene 
derivative of trihydroxyvaleric acid) and auxin b (C 18 H 30 O 4 , a keto- 
hydroxy derivative of auxin a). The second type is called heteroauxin 
and is now known to be identical with j^-indoleacetic acid. Other 
compounds are also known to have heteroauxin-like properties. The 
amounts of auxins causing growth responses in plants are extremely 
low; about 10 "“® mg. suffices to cause a one-degree curvature in oat 
seedlings {Avena test), and a 10""^^ M solution produces a detectable 
increase in the growth rate of com roots. 

Very few studies have been undertaken to determine the effects 
of the auxins on bacteria. Ball (1938) and Beckwith and Geary (1940) 
have observed that, when /S-indoleacetic acid is added to media in 
dilutions of 1:50,000 to 1:30,000,000, the growth of Escherichia coli 
and Eberthella typhosa is stimulated. However, nothing is known about 
the function of this compound in the metabolism of these organisms. 

Essential Fatty Acids. That certain fatty acids are essential for 
the proper development of rats on a simple diet is well established. 
However, some controversy has arisen as to whether these substances 
should be classified as vitamins. It is true that they are needed only 
in small quantities and that they contribute to the mechanism of the 
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transformation of energy in the animal^ but, on the other hand, they 
also serve as building units of the phospholipides. In this respect the 
essential fatty acids are similar to the purine and pyrimidine bases, 
which probably serve as building stones for nucleic acid, and to gluta- 
mine, which may serve as a unit in protein synthesis by microorgan¬ 
isms. Provisionally we can place all these acids in the realm of growth 
factors, but probably as more information becomes available this 
classification will have to be altered. 

The fatty acids which have been shown to be essential in the rat are 
linoleic acid [CH 3 -(CH 2)4 CH=CH CH 2 CH=CH (CH 2 ) 7 -COOH], 
linolenic acid [CH 3 -(CH 2 -CH = CH) 3 -(CH 2 ) 7 -COOH], and arachi- 
donic acid [CH 3 (CH = CH-CH 2 -CH 2 ) 4 (CH 2 ) 2 -COOH]. All these 
acids are insoluble in water but soluble in alkali and in organic solvents. 
They occur naturally in both plants and animals, although linolenic 
acid is usually absent from animal fats and arachidonic acid occurs 
predominantly in animal rather than plant tissues. 

Although none of these three fatty acids has been reported as useful 
to bacteria or other microorganisms, a closely related compound, 
oleic acid, C 8 Hi 7 -CH = CH-(CH 2 ) 7 *COOH, has been shown to be 
required for the growth of Corynehacterium diphiheride on agar media 
containing other known ingredients when small inocula are used [Cohen 
and Mueller (1940), Cohen, Snyder, and Mueller (1941)]. Clostridium 
tetani also requires oleic acid (1 /xg./ml.) for growth [Feeney, Mueller, 
and Miller (1943)], and this acid favors the growth of the fungus 
Pityrosporum ovale in concentrations of 0.01 to 1 per cent [Benham 
(1941)]. Nothing is known about the function of oleic acid in the 
metabolism of these organisms. 

MISCELLANEOUS GROWTH FACTORS « (GLUTATHIONE, 

FOLIC ACID, STREPOGENIN, ETC.) 

There still remain many imidentified growth factors for bacteria,^* 
yeasts [see Williams (1941)], molds [see Robbins and Kavanagh (1942)], 
and protozoa [see Trager (1941)]. Although most of these factors have 
not been characterized, enough work has been done on their properties 
to indicate that they are not any of the known growth-promoting com¬ 
pounds. Some of these substances have properties similar to those of 
unidentified animal factors, and it is highly probable that many of 
them will eventually merge identities [Peterson (1941)]. Space does 
not permit a discussion of the many unidentified factors required by 
certain bacteria. Therefore only brief mention will be made of a few 
of the better-known factors.^ 

For an extensive discussion on the miscellaneous growth factors required by 
bacteria the review by Peterson and Peterson (1045) should be consulted. 
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Glutathione. Several unknown factors appear to be required by 
certain strains of Neisseria gonorrhoeae; one of these is glutathione 
[Gould (1943)]. Of the many other compoimds tested only two, 
aspartathione and isoglutathione, were capable of replacing glutathione. 

Folic Acid.^® A substance called folic acid (Latin, folium =* leaf) 
has been isolated in relatively pure form and studied chemically and 
physiologically by Snell and Williams (1941), Mitchell et al. (1944), 
Frieden et al. (1944), and others. Folic acid is widespread in nature, 
being present in the green leaves of plants, such as spinach, in animal 
tissues, such as liver and kidney, and in mushrooms and yeast. The 
substance is quite unstable, being partially or completely inactivated 
by oxidation, reduction, acids, alkalies, light, heat, esterification, and 
methylation. A summation of analyses indicates that the compound 
has a molecular weight of 400 to 500 and an approximate empirical 
formula of CisHisOgNs. Absorption spectra data indicate the pres¬ 
ence of a structural unit similar to xanthopterin: 

HN—CO 

I I 

HN=C C—N=COH 

I II I 

HN—C—N=CH 

Side chains or other rings of an unknown nature which lack nitrogen 
or sugar residues are also indicated. 

Folic acid is required for the growth of Streptococcus fecalis {Strepto¬ 
coccus lactis R), Lactohacillus casd, Lactobacillus delbriickii [Mitchell, 
Snell, and Williams (1941), Lindner and Pollack (1942)], Clostridium 
tetani [Mueller and Miller (1942)], and other bacteria. The quantity 
required for these bacteria is quite low. For example, in one experi¬ 
ment with S. lactis R, half of the maximum growth was obtained when 
only 0.00012 pg. of crude folic acid was present per milliliter of an 
otherwise chemically defined medium [Mitchell et al. (1941)]. Folic 
acid also appears to be necessary for the normal development of sev¬ 
eral other organisms, such as chick, rat, and trout. 

Several other growth factors seem to be closely related to folic acid, 
but the exact relationship is not yet clear. The dinucleotide described 
by Stokstad (1941), the eluate factor studied by Hutchings, Bohonos, 
and Peterson (1941), and the antianemia factor (vitamin Be) of Pfiffner 
et al (1943) appear to have much in common with folic acid. 

The synthesis of the LactobaciUus casei factor by Angler et aX. (1945) and the 
isolation of the antianemia factor (vitamin Be conjugate) by Pfiffner et ol. (1945) 
will help to demonstrate the relationship between folic acid, norite eluate factor, 
L. caaei factor, vitamin Bo, S. lactis factor, s^epogenin, ^d some of the other 
unknown growth factors which have been described in the literature. 
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Dinucleotide of Stokstad. In 1941 Stokstad isolated from liver a 
substance which he characterized as a dinucleotide. The substance 
contained guanine but no adenine, and the pentose present was not 
desoxyribose. It stimulated the growth of certain lactobacilli in an 
amount of 0.02 /ig./ml. of medium. For a discussion of the relation¬ 
ship of the active principle in this substance to folic acid and the eluate 
factor the papers by Mitchell, Snell, and Williams (1941) and Hutch¬ 
ings, Bohonos, and Peterson (1941) should be consulted. 

Eluate Factor Required by Certain Lactobacilli.^ A factor re¬ 
quired by certain lactobacilli, and probably the chick, has been studied 
in some detail by Hutchings, Bohonos, and Peterson (1941). On a dry 
basis this eluate has one unit (amount of material which must be added 
to 10 ml. of medium to produce half of the maximum fermentation) 
in from 0.09 to 0.1 iig. The active principle is an acid and probably 
contains an amino group; it is very labile to acid and reducing agents 
but somewhat more stable to alkali and oxidizing agents. This sub¬ 
stance appears to be similar to folic acid. 

Lipoid Growth Factor for the Tubercle Bacillus. A factor from 
egg yolk and animal tissues, which is soluble in an ether-alcohol mix¬ 
ture, has been reported by Boissevain and Schultz (1938). Growth 
appeared on synthetic media in dilutions up to 10“”^ mg. of cells when 
the egg-yolk lipoid was absent, but in its presence the inoculum could 
be reduced to 10~® mg. of cells. Very little is known about the prop¬ 
erties of this factor. 

Hemolytic Streptococcus Growth Factors (Strepogenin).^® 

A new factor essential for the growth of hemolytic streptococci of 
Lancefield’s group A has been demonstrated by Woolley (1941) and 
Sprince and Woolley (1944). At first it was not possible to identify 
this substance with any other known vitamin or with several of the 
unidentified factors, such as the eluate factors. More recently, how¬ 
ever, Sprince and Woolley (1944) have found that this substance (now 
called strepogenin) is very similar to or identical with the factors 
required by Lactobadlliis casei [see Hutchings, Stokstad, Bohonos, and 
Slobodkin (1944)] and Streptococcus lactis [see Smith (1943), Wright 
and Skeggs (1944)]. Strepogenin occurs in liver as a water-soluble, 
alcohol-insoluble, nondialyzable substance and is not adsorbed on 
norite or Fuller’s earth. The most active concentrates prepared gave 
a maximal effect when approximately 10 pg./nd. was added to a chem¬ 
ically defined medium. 

^ The synthesis of the LcuMhuMvs casei factor by Angier et al. (1045) and the 
isolation of the antianemia factor (vitamin Be conjugate) by Pfiffner et al, (1945) 
will help to demonstrate the relationship between folic add, norite eluate factor, 
L. casei factor, vitamin Be, S. kuiis factor, strepogenin, and some of the other 
unknown growth factors which have been described in the literature. 
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A somewhat similar factor has been described by Bass, Berkman, 
and Saunders (1941). The best source of their factor is yeast, although 
it also occurs in spleen, liver, and fresh tomato juice. It is soluble in 
water and glacial acetic acid but only slightly soluble in alcohol (con¬ 
centrations greater than 60 per cent) and practically insoluble in the 
fat solvents. It is not adsorbed on Fuller’s earth, talc, aluminum 
oxide, or barium sulfate but is adsorbed on norite. The activity of the 
factor for hemolytic streptococci varied somewhat from batch to batch, 
but growth could be detected when amounts ranging from 1.5 to 
4.0 Mg-/inl. of medium were present. 

Lactobacillus Factor in Blood. Eckardt, Gyorgy, and Johnson 
(1941) have described a substance in human blood which enhances 
the growth-promoting activity of riboflavin on Lactobacillus cacei; 
however, few data were given on the chemical composition of this 
factor. Later Feeney and Strong (1942) concentrated the substance 
in blood which stimulates the growth of this organism. The substance 
is stable to autoclaving for 20 minutes in weak alkali and acid but is 
destroyed by the same treatment if strong acid is used. It is soluble 
in ether and alcohol. 

Other Factors for Lactic Acid Bacteria.*^ Several other ex¬ 
tremely active growth factors required by certain lactic acid bacteria 
have been isolated and described in recent years. The original reports 
by Keresztesy, Rickes, and Stokes (1943), Stokstad (1943), Chattaway, 
Happold, Sandford, Lythgoe, and Todd (1943), Hutchings, Stokstad, 
Bohonos, and Slobodkin (1944), and Sprince and Woolley (1944) 
should be consulted. Some of these factors appear to be very similar 
to folic acid and strepogenin, but more work is required before their 
exact relationship is known. 

Acetone Factor. Rubbo, Maxwell, Fairbridge, and Gillespie (1941) 
described a factor which they called the acetone factor because it is 
required by Clostridium acetobutylicum before the organism can produce 
acetone in chemically defined media. It is a heat-stable, acid-resistant 
factor which appears to be a nitrogenous base soluble in butyl alcohol 
and precipitated by phosphotungstic acid. 

Other Substances. A number of other microbial growth factors 
have been described, but few of them have been characterized even as 
well as the ones mentioned. Reference to several such factors is made 
under the discussion of the nutrition of the individual species; conse- 

The synthesis of the Lactobacillus casei factor by Angier et at. (1945) and the 
isolation of the antianemia factor (vitamin Be conjugate) by Pfiffner et al. (1946) 
will help to demonstrate the relationship between folic acid, norite eluate factor, 
L. casei factor, vitamin Be, S, lactis factor, strepogenin, and some of the other 
unknown grow th factors which have been described in the literature. 
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quently pp. 686 to 716 should be consulted for further details. Addi> 
ticnud information will be found in several reviews mentioned at the 
beginning of the chapter, especially the review by Peterson and 
Peterson (1945). 


ESSENTIAL AMINO ACIDS 

That certain species of bacteria require the presence of amino acids 
in order to grow in media containing ammonium salts, glucose, and 
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Fig. 3. The Similarity in Chemical Structure between Amino Acids Interrelated 
in Their Effect on the Growth of BacUlys anthrada, [From Gladstone (1939)]. 
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inorganic ions is well established. The function of these required or 
essential amino acids in the growth of bacteria is usually that of serv¬ 
ing as molecular units which the bacterium is unable to sjmthesize 
but which are necessary building stones in the synthesis of cellular 
protoplasm. On the other hand, it is quite possible that the amino 
acids have other important fimctions in the metabolism of cells. For 
example, Gladstone (1939) has found that the amino acid requirements 
of the anthrax bacillus are to some degree variable in that the neces¬ 
sity for a given acid is dependent upon what other amino acids are 
present in the medium. In this case it appears as though certain amino 
acids neutralize the toxicity of others (Fig. 3). Moreover, the amino 
acids which are able to neutralize the toxic effect are themselves toxic 
when added singly. Thus we have the interesting fact that two sub¬ 
stances, each of which is toxic singly, when added together not only 
allow growth to occur but in most cases actually improve it. The 
particular amino acids which appear to be associated in this way have 
a similarity in chemical structure, as will be seen in Fig. 3; this like¬ 
ness is suggestive of some common reaction which is necessary for 
growth and which can be inhibited by an excess of one or the other 
of the amino acids taking part. 

Among the twenty-two or twenty-three amino acids which are recog¬ 
nized as normal constituents of dietary proteins ten are known to be 
essential for animals (rat), and the others can apparently be synthesized 
in the animal organism. Proof has come largely from the work of Rose 
and his associates [see Rose (1937, 1938), Rose and Rice (1939)]. 
Their list of essential and nonessential amino acids may be cited as 
follows: 

Essential Nonessential 

^Lysine ^-Leucine Glycine Eydroxyglutamic acid 

d*- or Z-Trjrpto- /-Isoleucine Alanine Proline 

phan i-Threonine Serine Hydroxyproline 

d- or Z-Histidine d- or /-Methionine Norleucine Citrulline 

d- or /-Phenyl- /-Valine Aspartic acid Tyrosine 

alanine Arginine t Glutamic acid Cystine 

* Both isomers promote growth, but in some cases the d-form is not quite as 
effective as the natural isomer. 

t Can be synthesized by the rat but not at a rate sufl&ciently rapid to meet the 
needs for normal growth; it is not needed by the adult dog but is necessary for the 
chick. 

When we attempt to compare the needs of certain bacteria with 
those of higher animals, distinct differences, as well as similarities, 
become apparent. A few examples are given in Table 28. From these 
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data it will be seen that methionine, cystine, glutamic acid, tryptophan, 
and valine are the amino acids most commonly required by these rep¬ 
resentative species; others, such as threonine, are needed only by 
certain bacteria. For additional information on the amino acid re¬ 
quirements of various bacterial species, the discussion of the nutrition 
of the individual species and the references cited there should be 
consulted. 

In studies of the amino acid requirements of bacteria the concen¬ 
trations of the various acids employed may be a limiting factor for 
growth. Therefore the concentration of the individual amino acids 
may have to be varied to suit the requirements of the particular organ¬ 
ism being studied. In other compounds the optical activity, the struc¬ 
ture, the solubility, or other factors may have to be taken into account. 

Many compounds which inhibit the growth of microorganisms appear 
to do so by interfering with substances essential in reactions involved 
in growth. To determine whether such an inhibition is possible with 
certain necessary amino acids, Mcllwain (1941) prepared a series of 
a-aminosulfonic acid analogs of some naturally occurring a-amino- 
carboxylic acids, such as glycine, alanine, valine, and leucine, and tested 
their abilities to interfere with the growth of several microorganisms 
in amino acid media. In every case the a-aminosulfonic acids delayed 
or prevented growth, but the inhibition could be reduced or removed 
by the further addition of an excess of a-aminocarboxylic acids. These 
results are considered to afford further instances of the blocking of 
enzyme reactions essential to growth by inhibitors which act on ac¬ 
count of their structural similarity to normal substrates of the enzymes 
concerned. In other words, the a-aminosulfonic acids appear to com¬ 
pete with the natural a-aminocarboxylic acids in a manner similar to 
that in which sulfanilamide interferes with p-aminobenzoic acid and 
pyridine-3-sulfonic acid blocks nicotinic acid. 

THE USE OF MICROORGANISMS TO ASSAY VITAMINS 

In the past a number of different physical, chemical, and biological 
methods have been developed for the assay of substances for their 
vitamin content. Although the physical and chemical methods are 
very useful, they are incontestable only if their results can be corre¬ 
lated with biological potency. Therefore, the biological methods, 
which have been an important tool in the discovery of the vitamins, 
must still be used today as the final criteria for qualitative and quanti¬ 
tative vitamin assays and for the standardization and evaluation of 
the accuracy of other methods. Biological methods using animals, 
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casein Acid production or turbid- 0.004r-0.09 Pennington, Snell, and Williams (1940), f 

ity of culture Stanbery, Snell, and Spies (1940), Strong, 

Feeney, and Earle (1941), Neal and Strong 
(1943) 

Acid production 0.0025 Landy and Dicken (1942) 




L, arabtnosus Turbidity or acid produc- 0.01-0.08 Skeggs and Wright (1044), Hoag, Sarett, and 

tion Cheldelin (1945) 

Proteus morganii Turbidity of culture 0.0002 Pelczar and Porter (1941) 
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A Summary of the Microbiological Methods for the Quantitative Assay of Several Vitamins of the B-Co 



* For more complete details consult the references; see also Sandford (1943), Stokes, Gunness, and Foster (1944), and Spitzer, Biddison, 
Bergeron, and Caldwell (1944). 

t For more complete details of these techniques and their practical application see “Studies on the Vitamin CJontent of Tissues. I 
and II,*^ by R. J. Williams and associates in University of Texas Publication No. 4137 (1941), pp. 1-87, and Pubhcation No. 4237 (1942), 
pp. 1-145. 
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such as the rat, are usually costly and time-consuming and cannot be 
employed when only small amounts of material are available, but in 
general they are statistically valid. 

The discovery that microorganisms require certain vitamins for 
growth has provided a new, rapid, and frequently specific and quanti¬ 
tative method of vitamin assay. In the past few years the determina¬ 
tion of vitamins by microbiological methods has found wide applica¬ 
tion. Like the physical and chemical methods, however, such tech¬ 
niques must be investigated thoroughly in order to determine the 
types of compounds which interfere with the assay, the specificity 
afforded by them, and their sensitivity. Several of the special micro¬ 
biological assay techniques for some of the members of the vitamin 
B-complex are listed in Table 29; the original papers should be con¬ 
sulted for details of the procedures employed in these tests. The choice 
of a test will depend upon several factors. For example, a test which 
involves the measurement of acid production may be used for colored 
or turbid solutions, whereas one in which turbidity measurements are 
made would be impossible. 

Although the microbiological methods are rapidly gaining favor, 
their use is at the present time restricted to certain B vitamins. As 
time goes on, special tests will undoubtedly be developed for all the 
members of the vitamin B-complex and possibly other vitamins as well. 

USE OF MICROORGANISMS TO ASSAY AMINO ACIDS 

Within the past few years it has been observed by several workers 
that certain microorganisms can be used to assay amino acids. The 
techniques employed are very similar to those used for the microbiolog¬ 
ical assay of vitamins. For example, an organism which requires a 
given amino acid is used, and all other factors necessary for growth 
are kept constant in the medium. A standard curve is then obtained 
by varying the concentration of the amino acid in question and plotting 
the turbidity or acid production in the culture medium against the 
various concentrations of the amino acid. The amount of a given 
amino acid in an unknown substance can then be determined by using 
this material in the medium in place of the known amino acid. 

Amino acids can be detected in 1-mg. amounts of protein or even 
less, and extensive pretreatment of protein hydrolyzates is not neces¬ 
sary. The organisms used so far are capable of detecting about 1 to 
10 /ig. of amino acid, and errors of not over 5 to 10 per cent are com¬ 
monly reported. 
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With Lactobacillus araibinosus or Lactobacillus casei these nine amino 
acids can be assayed with no more than 10 per cent error: Z-cystine, 
dZ-methionine, dZ-isoleucine, Z-leucine, dZ-valine, Z-arginine, Z-glutamic 
acid, dZ-threonine, and Z-tryptophan. For the technical details of the 
methods used, the original reports should be consulted [see Shankman, 
Dunn, and Rubin (1943), Kuiken, Norman, Lyman, Hale, and Blotter 
(1943), McMahan and Snell (1944), Baumgarten, Garey, Olsen, Stone, 
and Boruff (1944)]. 

An accurate and specific microbiological method for the determina¬ 
tion of dZ-aspartic acid and dZ-serine in purified proteins has been 
developed by Stokes and Gunness (1945Z>). The method is based on 
the quantitative response of Lactobacillus delbruckii to the two amino 
acids as measured by the lactic acid formed. 

Dunn and his associates (1944) have employed Leuconostoc mesenr 
teroides for the quantitative determination of Z-lysine. A straight-line 
standard exists between about 8 and 200 /xg. of lysine, when plotted 
against acid-titration values using milliliters of 0.1 AT NaOH. From the 
appearance of the curves it seems likely that twelve other amino acids 
can be quantitatively determined with this organism. 

Schenck (1943) has proposed a microbiological assay for jS-alanine, 
employing the diphtheria bacillus, which requires about 2.5 to 5 Mg- 
of this amino acid for optimum growth. 

INTERPRETATION OF CHEMOTHERAPY THROUGH 
NUTRITIONAL STUDIES OF MICROORGANISMS 

A great many theories have been advanced in the past to explain 
the mode of action of chemotherapeutic agents. Within the past few 
years numerous studies have been carried out with bacteria in an effort 
to explain the mode of action of various types of drugs, and a few ex¬ 
amples may be mentioned in this discussion. It should also be pointed 
out that, although the activity in vivo of the better-known chemo¬ 
therapeutic agents, such as sulfanilamide, appears to be directed 
against the invading microorganism, the recovery of the infected host 
seems to entail two factors: the drug and the host. In other words, 
although the drug may be able to bring the infection under control, 
it requires the cooperation of the host's defense mechanism to dispose 
of the infectious agent. We shall concern ourselves here with the 
drug factor only, that is, with the ability of chemical compounds to 
inhibit the growth of susceptible bacteria or possibly actually to kill 
them. 

In 1940 Woods concluded that sulfanilamide acts by competing 
with p-aminobenzoic acid, by virtue of its similarity in structure, for 
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enzymes whose functions are essential for growth. The essential 
nature of p-aminobenzoic acid in normal organisms has been confirmed 
by its isolation from yeast [Rubbo and his associates (1940, 1941)], 
and sulfanilamide inhibition of the metabolism of p-aminobenzoic 
acid by an enzyme system has been observed by Lipmann (1941). 
It is known also that inhibitors can act by interfering, not with the 
substrate of an enzyme, but with an essential part of the enzyme itself, 
or in other ways. This has been suggested by Fildes (1940) to be true 
of mercuric salts, which appear to act by combining with thiol groups 
essential to the cell. Fildes also observed that the action of mercuric 
salts in vitro could be prevented or neutralized by the further addition 
of thiol compounds. Acriflavin appears to act by combining with 
nucleotides which are essential to the enzymes of the inhibited organ¬ 
isms [Mcllwain (1941, 1942)], but the inhibition can be reversed by 
supplying not only nucleotides but also amino acids, which appear 
to be the normal products of the enzymes which are being inhibited. 
Higher concentrations of acriflavin seem to affect hydrogen-trans¬ 
porting systems, and inhibitions due to such concentrations can be 
reversed by artificial carriers, such as methylene blue. There is also 
considerable evidence that the following inhibitors act as described: 
certain dyes, by preventing oxidized substances which must be reduced 
from functioning normally [Fildes (1940)]; pyridine-3-sulfonic acid 
and amide, by competitive and noncompetitive inhibition with enzymes 
concerned with nicotinic acid and derivatives [Mcllwain (1940)]; 
a-aminosulfonic acids, by interfering with the metabolism of a-amino- 
carboxylic acids [Mcllwain (1941)]; gramicidin by affecting glucose 
metabolism [Dubos (1939)]; styryl 430 (2-p-aminostyryl-6-p-amino- 
benzoylaminoquinoline) and rivanol, by mechanisms similar to that 
of acriflavin [see Pourbaix (1939) and Mcllwain (1942), respectively]. 
Additional examples of these types will be found in Chapter 4. 

It has been noted frequently that the activities of substances in¬ 
hibitory to bacterial growth vary with the media employed in their 
testing, and such observations have received exact interpretation in a 
similar manner. A few examples are given in Table 30, and others 
will be found in papers by Rubbo and Gillespie (1940, 1942), Snell 
(1941), and others. The most suitable media for such experiments are 
those of the simplest constitution which support optimum growth of 
the organism being studied. 

Fildes (1940), writing in the journal Lancet, suggested that future 
research in chemotherapy should be directed to making such modifica¬ 
tions of known essential metabolites as to inhibit growth by one of the 
following methods: (1) by molecular combination with the essential 
metabolite to form an inactive product, (2) by oxidation of a substance 
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which requires to be reduced, or (3) by competition for an enzyme 
associated with the essential metabolite. Several compounds so pre¬ 
pared (see Fig. 4 and Table 30) have been found inhibitory to bacterial 
growth. 

TABLE 30 

The Effect of Reversinq Agents on Certain Microbial Inhibitors 

[From Mcllwain (1942) and others] 


Organism 

Main Constituents 
of the 

Basal Medium 

Inhibitor 

Reversing 

Agent 

Growth 

Streptococexta 

Bacto-peptone, glucose, 
glutamine and other 

None 

None 

+ 

pyogerM ^ 

Sulfanilamide 

None 


growth factors, and 

Sulfanilamide 

Yeast extract 



phosphate buffer 

Sulfanilamide 

Yeast concentrates 

-h 


Sulf anile nude 

p-Am inobensoic 





acid 

+ 

Cloatridium 

Asparagine, glucose, in- 

None 

None 

+ 

acetohutylicum ^ 

organic salts, and p~ 

Sulfanilamide 

None 


aminobensoic acid 

Sulfanilamide 

Yeast extract 

-1- 



Sulfanilamide 

Excess of 27-amino- 





benzoic acid 


Staphylococcua 

Amino acids, vitamin 

None 

None 

+ 

aureus* 

Bi, nicotinamide, and 

Pyridine-3-Bulfo nic 

None 



salts 

acid 

Pyridine-3-sulfonio 

Excess of nicotin- 




acid 

amide 

+ 

Proteus vulgaris * 

Ammonium lactate, nio- 

None 

None 

+ 

otinamide, and salts 

o-NH 2 -eulfonic acids 

None 



o-NH 2 .sulfonic acids 

a-NH*-carboxylio 

acids 

+ 

Yeast* 

Asparagine-inorganic 
salt medium plus pan¬ 
tothenic acid 

None 

N-(a, y-dihydroxy-d, 
B-dimethyl 
but 3 rryl)-taurine 

None 

None 

+ 



N-(a. y-dihydroxy-/?, 

Excess of panto¬ 




/^-dimethyl 
butyryl) -taurine 

thenate 

+ 

Lactic acid 

Amino acids, glucose pu¬ 

None 

None 

+ 

bacteria ® 

rines and pyrimidines. 

N-(a, 7 -dihydroxy-/J, 
d-dimethyl- 
buty ry 1) -taurine 
N-(a, 7 -dibydroxy-/J, 

None 



and growth factors, 
including pantothenic 




acid 

Excess of panto¬ 




iMimethyl- 

butyryl)-taurine 

thenate 

+ 

Diplococcus 

Yeast extract or filtered 

None 

None 

+ 

jmeumoniae * 

plasma plus pantothe¬ 
nic acid 

Pantoyltaurine 

Pantoyltaurine 

None 

Excess of panto¬ 




thenate 

+ 

Streptococcus 

Amino acids and growth 

None 

None 

+ 

pyogenes * 

factors, including pan¬ 

Pantoyltaurine 

None 


tothenic acid 

Pantoyltaurine 

Excess of panto¬ 




thenate 

-H 

Bseherichia eoli ^ 

Ammonium lactate and 

None 

None 



inorganic salts 

Acriflavin 

components 

Acriflavin 

None 




Yeast extract or 




components 

Acriflavin 

tryptic casein 
Nucleate or amino 

+ 



components 

acids 

+ 


I Woods (194®. » Snell (1941). 

t Rubbo and Qiaespie (1940.1942). • Mollwain (1942). 

’ Mollwain (1940, i942a). 7 Mollwain (1941a, 1942a). 

4Mcnwain (1941). 
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Future work in this same field will undoubtedly produce other 
compounds which function in much the same manner. For additional 
reading on this interesting subject the articles by Mcllwain (1942- 
1944), Rubbo and Gillespie (1942), and others (see Chapter 4) should 
be consulted. 


Metabolites 
NHa 


Analogs Found 
Inhtbiiory 

NH2 


(Model) 


200H 

p-Aminobenzoio acid 




COOH 


Niootinio acid and amide 

RCH—COOH 

lIlHa 

a-Aminooarbozylio adds 


CONH 2 


CH 3 


[3^-c 


4 . CIIa-C-C-CONH-CHirCHa-COOH 
CH2'0H(!)H 

Pantothenic acid 



32NH2 

Sulfanilamide 


SO 3 H 


SO 2 NH 2 


N 

IVndine-3-sulfonio acid and amide 

R.CH--SO 3 H 

o-Aminosulfonic acids 

CH3 

CHs^b-C-CONH-CHaCHa-SO»H 

CH2'0H(!)H 

Taurine analog 


Fig. 4. The Relationship between Essential Metabolites and Inhibitory Analogs 
[From Mcllwain (1942); for references see Table 30]. 
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METABOLISM OF CARBON COMPOUNDS BY 
MICROORGANISMS 

The metabolism of microorganisms, like that of higher forms of life, 
can be conveniently considered under the transformation of carbon, 
of nitrogen, and of mineral compounds. Actually, all these metabolic 
processes overlap, and for a complete understanding of the resulting 
d 5 mamic phenomena the metabolism of any organism should always 
be considered as a whole. However, it is often more convenient to 
study these transformations separately. This chapter will therefore 
be devoted principally to the metabolism of nonnitrogenous carbon 
compounds, and in Chapter 9 the utilization of nitrogenous substances 
will be discussed. What little information is available concerning the 
transformation of minerals by microorganisms was mentioned briefly 
in Chapter 7 and will not be repeated here. 

Werkman (1939) and Werkman and Wood (1942) used the following 
scheme to depict the metabolism of microorganisms; 

Assimilation 

(endothermio processes) 


Dissimilation 

(exothermic processes) 


Dissimilation may be defined in general terms as the decomposition 
or transformation of the substrate to yield energy for the use of the 
organism. Assimilation, on the other hand, consists of the processes 
whereby the cells of microorganisms are built up out of the substances 
previously broken down by other cells. Dissimilation may be further 
subdivided into two processes: oxybiontic (aerobic processes, respirar 
tion) and anoxybiontic (anaerobic processes, fermentation). Both are 
true oxidative processes, but in oxybiontic dissimilation the substrate 

794 , 


Oxybiontic 

(aerobic processes, respira¬ 
tion), O2 serving as final H2 
acceptor 
Anoxybiontic 

(anaerobic processes, fermen¬ 
tation), intermediates serv¬ 
ing as final H2 acceptors 


Cytochrome sjrstem 
Pigments (for example, 
phthiocol, pyocyanine) 
Direct transfer of H2 to 
O2 

Reactions involving an¬ 
aerobic dehydrogen¬ 
ase systems 


Bacterial 

metabolism 
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undergoes transformations in which oxygen serves as the final hydrogen 
acceptor, and water is formed; whereas in anoxybiontic dissimilation 
intermediate products serve as final hydrogen acceptors rather than 
oxygen (for example, ethyl alcohol may be formed from acetaldehyde, 
or lactic acid from pyruvic acid). Metabolism is the sum of dissimila¬ 
tion and assimilation, or the chemical changes in living cells by which 
energy is provided for vital processes and activities, and new material 
is assimilated to repair damage. 

The metabolism of autotrophic bacteria consists primarily of the 
synthesizing stage, so far as organic compounds are concerned. The 
autotrophic organisms utilize for their synthesis the products of dis¬ 
similation of the heterotrophic organisms, such as the various minerals, 
nitrogen compounds, and even energy sources like hydrogen sulfide 
and ammonia. On the other hand, the heterotrophic organisms utilize 
for their dissimilation the products of assimilation of the autotrophic 
forms, namely, the complex organic substances synthesized by these 
cells. 

KINDS OF CARBON COMPOUNDS METABOLIZED BY 
MICROORGANISMS 

The major portion of the metabolism of any cell is concerned with 
the utilization of carbon compounds, particularly nonnitrogenous car¬ 
bon compounds. Organisms oxidize such substances mainly as a 
source of energy; in fact, it is generally believed that only a small 
proportion of the products resulting from such dissimilations is trans¬ 
formed into cellular protoplasms. 

It has been stated on several occasions by various workers that 
microorganisms probably exist which can attack every known carbon 
compound. Although we will not attempt to list all the known carbon 
compounds which can serve as a source of energy to microorganisms, 
a few representative substances may be cited as examples of the types 
of compounds which can be utilized. Since the early literature on this 
subject is reviewed completely in Volume III of Physiology and Bio¬ 
chemistry of Bacteria by Buchanan and Fulmer (1930) and in An Index 
to the Chemical Action of Microorganisms on the Nonnitrogenous Organic 
Compounds by Fulmer and Werkman (1930), only a brief outline of 
the compounds, together with a few representative studies which 
illustrate their end-products, will be presented here. Additional data 
on this subject will be found in Chapter 10. 
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The classification of compounds which we will use here is essentially 
that proposed by Buchanan and Fulmer (1930); it includes: 

I. Elementary carbon. 

II. Compounds consisting of only carbon and oxygen: carbon monoxide 
and carbon dioxide. 

III. Compounds containing only carbon and hydrogen: methane and other 
hydrocarbons. 

IV. Compounds consisting of carbon, hydrogen, and oxygen, but never 
nitrogen: 

Aliphatic monohydric and polyhydric alcohols. 

Aliphatic aldehydes and ketones. 

Aliphatic monobasic, dibasic, and polybasic acids. 

Carbohydrates, glycosides, and related substances. 

Cyclic or aromatic compounds. 

Fats and waxes. 

V. Compounds containing nitrogen or carbon and nitrogen and usually 
oxygen and hydrogen: 

Molecular nitrogen. 

Ammonia, hydroxylamine, nitrous acid, nitric acid, and their salts. 

Cyanogen compounds. 

Amines and related compounds. 

Amides, imides, and related compounds. 

Urea, guanidine, purine, pyrimidine, and their derivatives. 

Amino acids. 

Peptides. 

Peptones and proteoses. 

Proteins. 

The next few pages will be devoted to a discussion of the first four 
of these groups of compounds and their utilization as a source of carbon 
for microorganisms. Compounds which can be placed in the fifth 
group will be considered in Chapter 9. 

ELEMENTARY CARBON 

In 1908 Potter observed that aerobic soil bacteria, especially a 
coccus which was obtained in pure culture, slowly oxidized amorphous 
carbon in the form of charcoal, lampblack, coal, and peat. He found 
that, when these substances were subjected to bacterial action, CO 2 
was given off. The amount of gas evolved increased in proportion 
to the rise of temperature imtil supravital temperatures were reached, 
and no CO 2 was formed under perfectly dry conditions such as preclude 
the possibility of bacterial life. 
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COMPOUNDS CONSISTING OF ONLY CARBON AND OXYGEN 

The utilization of carbon monoxide, carbon dioxide, and the carbon¬ 
ates by the autotrophic bacteria was discussed in Chapter 7 and will 
be only briefly summarized here. Carbon monoxide is apparently 
used by only a few bacteria (genus Carboxydomonas), but this is not 
true of carbon dioxide. 

Before 1924 it was assumed that only the autotrophic bacteria con¬ 
sumed carbon dioxide as a metabolite. However, in that year Theobald 
Smith demonstrated that CO 2 was essential for the isolation and growth 
of Brucella abortus, and since then it has been observed by several 
workers that in the complete absence of CO 2 growth and metabolism 
of diverse living systems are seriously impaired. Until recently, how¬ 
ever, there has been no indication of the function of CO 2 in such 
cellular processes. In 1935 Wood and Workman [see the review by 
Workman and Wood (1942a)] presented the first experimental evidence 
of the function of CO 2 in heterotrophic cellular systems. Using pro¬ 
pionic acid bacteria, they showed that in the fermentation of glycerol 
there is a net uptake of CO 2 and that the carbon of the CO 2 can be 
accounted for in the metabolic products—acetic, propionic, and suc¬ 
cinic acids. It thus became clear that nonphotosynthetic systems can 
actually assimilate CO 2 . Subsequently other investigators found that 
CO 2 was reactive in the metabolism of heterotrophic bacteria. For 
example. Woods (1936) demonstrated that Escherichia coli reduces 
CO 2 to formic acid in the presence of gaseous hydrogen, and Barker 
(1936) proved that CO 2 is a hydrogen acceptor, being converted to 
methane by the methane bacteria (see also the discussion on CO 2 , 
pp. 633 to 635, in Chapter 7). 

As a result of the above investigations considerable confusion has 
arisen concerning the role of CO 2 in the metabolism of heterotrophic 
cells. Obviously at least two distinct types of reactions are involved 
in the utilization or “fixation” of CO 2 in these experiments: (1) a 
reduction of CO 2 without the formation of carbon-to-carbon linkages, 
and (2) a creation of carbon-to-carbon linkages. In the first type CO 2 
functions only as a hydrogen acceptor, whereas in the second new com¬ 
pounds are formed containing additional carbon atoms. Since the 
first reaction does not require the acceptance of new principles, it 
needs no further attention. On the other hand, when Wood and 
Workman first proposed the second reaction, it required the acceptance 
of an entirely new principle in the metabolism of bacteria. However, 
their work has now been so completely confirmed that there is no 
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longer any doubt that their original proposals were correct [see reviews 
by Krebs (1941), Solomon et al. (1941), Evans and Slotin (1941), 
van Niel, Ruben, Carson, Kamen, and Foster (1942), Werkman and 
Wood (1942, 1942a)]. 

Although this subject is reviewed in some detail by Wood and Werk¬ 
man (1942a), a few remarks may be presented here concerning some 
of the facts that are now available on the role of CO 2 in bacterial 
metabolism. In 1938 Wood and Werkman presented evidence to show 
that there is a direct equimolar relationship between the amount of 
CO 2 fixed and the amount of succinic acid formed during the fermenta¬ 
tion of glycerol by the propionic acid bacteria. In view of these results 
they suggested that the succinic acid may be synthesized by a union 
of 3-carbon and 1-carbon compounds, and that CO 2 is ‘^fixed^^ by this 
mechanism. Pyruvic acid was thought to be the 3-carbon compound 
involved in the reaction. Although during the next two years Wood 
and Werkman and others presented additional evidence to show that 
CO 2 is fixed by union with a 3-carbon compound, it was not until 1940, 
when the isotopes of carbon (radioactive carbon, atomic weight 11; 
and the stable isotope, atomic weight 13) became available for use as 
tracers of fixed CO 2 , that proof of the fixation of CO 2 to form succinic 
acid was obtained [Carson and Ruben (1940), Wood, Werkman, 
Hemingway, and Nier (1940, 1941)]. Wood, Werkman, and their 
associates furthermore showed that, if fixation of CO 2 occurs by the 
union of 3-carbon and 1-carbon compounds, the fixed carbon in the 
succinic acid will be located in the carboxyl group. The following 
reactions indicate the probable mechanism for such a synthesis; the 
stable isotope of carbon was used by these workers and is designated 
as 0^302. 

+ HCH 2 • CO • COOH HOOC^3 • CH 2 • CO • COOH 

stable isotope Pyruvio Oxaloacetic 

of carbon acid acid 

(dioxide) 

HOOC^® • CH2 • CO • COOH+ 4 H HOOC^® • CH2 • CH2 • COOH+H2O 

Oxaloacetic Succinic 

acid acid 

The reaction of CO 2 fixation in nonphotosynthetic systems can 
certainly be included among the more important discoveries in biology 
during the past decade. As van Niel, Ruben, Carson, Kamen, and 
Foster (1942) have pointed out, fixation of CO 2 is not restricted to 
bacterial processes but has been observed with many other systems, 
including liver tissue, yeasts, molds and protozoa, barley roots, and 
plants in the absence of light. Furthermore, these workers have shown 
that CO 2 may enter into cellular metabolic processes by other routes 
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than through the synthesis of oxaloacetic or succinic acids (see Chap¬ 
ter 7). For additional reading on this subject the foregoing references • 
should be consulted. 

COMPOUNDS CONTAINING ONLY CARBON AND HYDROGEN 

The ability of methane, ethylene, acetylene, benzene, xylene, crude 
oil, gasoline, and other related compounds to serve as a source of 
carbon for microorganisms was briefly discussed in Chapter 7 in the 
section on methane- and other hydrocarbon-oxidizing bacteria. More 
recently Stone, Fenske, and White (1942), Grant and Zobell (1942), 
and Johnson and Schwarz (1944) have presented additional data on 
this subject. 

COMPOUNDS CONSISTING OF CARBON, HYDROGEN, AND 
OXYGEN, BUT NEVER NITROGEN 

The compounds which can be allocated to this group are very 
numerous, and only a few will be listed here. Some attention has 
already been given to some of these compounds in Chapter 6 on 
bacterial enzymes and Chapter 7 on bacterial nutrition. 

Aliphatic Monohydric and Polyhydric Alcohols. Several micro¬ 
organisms are able to utilize such monohydric saturated alcohols 
(CnH 2 n+iOH) as methyl, ethyl, propyl, and butyl alcohols as a source 
of carbon, but not the higher members of this series. For example, 
Visser^t Hooft (1925) found that certain acetic acid bacteria (genus 
Acetohacter) oxidized the alcohols in this series up to isobutyl alcohol, 
but not tertiary butyl alcohol, (CH 3 ) 3 *COH, nor amyl alcohol, 
CH 3 -( 0112 ) 3 - 0112011 . Den Dooren de Jong (1926) reported similar 
results with Mycobacterium phlei but found that several other common 
bacteria were unable to oxidize such alcohols as a source of energy. 
Little is kno\vn about the ability of the monohydric unsaturated alco¬ 
hols, such as allyl, CH 2 :CH-CH 20 H, to serve as a source of energy 
for microorganisms. Den Dooren de Jong (1926) found that none of 
thirteen common bacterial species was able to oxidize allyl alcohol 
in a simple inorganic medium, but possibly other microorganisms can 
attack such a compound. 

Certain of the polyhydric alcohols are very easily attacked by certain 
microorganisms, and a few representative examples may be cited. 
Several bacteria, especially certain acetic acid bacteria, are able to 
oxidize ethylene glycol (CH 20 H-CH 20 H), a-propylene glycol (CHa* 
CHOH-CHaOH), 2,3-butylene glycol (CHa-CHOH-CHOH-CHs), 
and related dihydric alcohols [see Visser^t Hooft (1926), den Dooren 
de Jong (1926)]. The trihydric alcohol glycerol (CHaOH-CHOH* 
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CH 2 OH) is easily oxidized by many bacteria, yeasts, and molds [see 
Braak (1928), Buchanan and Fulmer (1930), Peppier (1942), Gunsalus 
and Sherman (1943)]. It has been employed frequently in studies 
where the products of metabolism of various microorganisms have 
been determined, and Braak (1928) noted that the following twenty- 
three compounds have been reported in the literature as produced by 
the action of microorganisms upon glycerol: methyl, ethyl, propyl, 
butyl, amyl, and hexyl alcohols, trimethylene glycol and 2,3-butylene 
glycol, acetaldehyde, acrolein, 1,3-propanaldehyde, and phoron (?), 
formic, acetic, propionic, butyric, caproic, caprylic, lactic, succinic, 
and acrylic acids, and carbon dioxide and hydrogen. Den Dooren de 
Jong (1926) foimd that twelve out of thirteen common bacterial species 
tested were able to utilize glycerol as a source of carbon and energy. 

Reynolds, Hoehn, and Workman (1939) and Mickelson and Werk- 
man (1940) have studied the dissimilation of glycerol by certain coli- 
aerogenes intermediates. Trimethylene glycol was the principal met¬ 
abolic product, constituting 30 to 60 per cent of the end products; 
formic, acetic, lactic, and succinic acids, ethyl alcohol, CO 2 , and H 2 
were also formed. Acrolein appeared during the fermentation as an 
mteimediate product. Erythritol (CH20H-CH0H-CH0H CH20H) 
is metabolized by certain bacteria, although den Dooren de Jong (1926) 
could not demonstrate oxidation by twelve of the thirteen bacteria 
he used in his study. Similar results have been reported by various 
workers who have employed arabUol, CH 2 OH • (CHOH )3 • CH 2 OH, 
admUol, CH 20 H-(CH 0 H) 8 -CH 20 H, smUtol, CH 20 H-(CHOH) 4 - 
CH 2 OH, and duldtol, CH 2 OH-(011011)4-0112011. Mannitol, 
0 H 20 H-( 0 H 0 H) 4 - 0 H 20 H, is extensively used in bacteriology to 
differentiate various microorganisms by physiological tests. Several 
workers have also studied the metabolic end products of microorgan¬ 
isms which oxidize mannitol. Buchanan and Fulmer (1930) list the 
following compounds as produced by the action of various organisms 
upon mannitol: formic, acetic, lactic, succinic, oxalic, and citric acids, 
ethyl and butyl alcohols, levulose, mannose, 2,3-butylene glycol, ace¬ 
tone, acetalddiyde, CO 2 , and H 2 . 

Aliphatic Ald^ydes and Ketones. The aldehydes and ketones 
are seldom employed as substrates for microorganisms, although it is 
known that several organisms can utilize such compounds as a source 
of carbon [see Buchanan and Fulmer (1930)]. The aldehydes, such as 
aoetiddehyde (CH 3 -CHO), however, are important intermediate prod¬ 
ucts in the metabolism of other carbon substances. For example, the 
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principal changes produced by microbial enzymes acting upon acetalde¬ 
hyde are as follows: 

1. Oxidation to acetic acid 

CH3 CHO + iOa CH3 COOH 

2. Reduction to ethyl alcohol 

CH3 CHO + 2H CH3 CH2OH 
or 

Diphosphoglyceraldehyde + CHs-CHO —> 

C2H5OH -H Diphosphoglycerate 

3. Synthesis to acetylmethylcarbinol (acetoin) 

CH3 • CHO 4- OHC • CH3 CH3 • CHOH • CO • CH3 

4. Condensation to aldol 

CH3 CHO + CH3 CHO CH3 • CHOH •CH2 -CHO 

The aldehydes are not usually found as end products of fermentation 
processes because they are easily converted to other products by one 
of the foregoing reactions. On the other hand, some of the ketones, 
such as acetone (CH3 • CO • CH3), are important metabolic end products 
of certain bacteria, for example, Clostridium acetdbutylicum. 

Aliphatic Monobasic, Dibasic, and Polybasic Acids. Some of 
the organic acids are utilized by certain microorganisms as a source of 
carbon. Usually such compounds are added to media in the form of 
salts rather than as free acids. Their decomposition results in the 
formation of alkali carbonates, which in turn produce an alkaline re¬ 
action of the medium, for example, the decomposition of sodium form¬ 
ate: 

2HCOONa -|- 2 H 2 O Na 2 C 03 + H 2 O -f CO 2 + 2 H 2 

Extensive studies of the utilization of organic acids by bacteria have 
been made by Koser (1923) and den Dooren de Jong (1926); the early 
literature on the subject has been reviewed by these workers and 
Buchanan and Fulmer (1930). 

These acids will be discussed briefly under the following headings: 
(1) monobasic saturated acids; (2) monobasic unsaturated acids; 
(3) monohydroxy monobasic acids; (4) dihydroxy and polyhydroxy 
monobasic acids; (5) monobasic ketonic acids; (6) dibasic saturated 
acids; (7) dibasic and tribasic unsaturated acids; (8) mono- and poly¬ 
hydroxy polybasic acids; (9) miscellaneous acids. 
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1. Monobasic Saturated Acids. The acids belonging to this class 
have been studied by a number of workers who have used a variety 
of microorganisms. Space does not permit a discussion of the types 
of changes, such as oxidation, reduction, and decarboxylation, which 
have been observed as the result of microorganisms acting on these 
acids. One example (see Table 1), taken from the study by den Dooren 
de Jong (1926), will be cited to illustrate the ability of these compounds 
to serve as a source of carbon for bacteria. From these data it will 

TABLE 1 

Utilization op Monobasic Saturated Acids by Bacteria 
[From den Dooren de Jong (1926)] 


Basal MecUum * plus 
0.6 Per Cent of the 
Undermentioned 
Compounds 


Formio acid, HCOOH 
Acetic acid, CHsCOOH 
Propionic acid, C2H6COOH 
Butyric acid, C8H7COOH 
Isobutyric acid, CsHyCOOH 
Valeric acid, C4H9COOH 
Caproic acid, CsHnCOOH 
Heptylic acid, CsHisCOOH 
Caprylic acid, C7H16COOH 
Nonylic acid, CsHitCOOH 
Capric acid, CgHigCOOH 
Laurie acid, CnHggCOOH 
Palmitic acid, CisHgiCOOH 
Stearic acid, C17H86COOH 


(-) (-) 
(-) (-) 
(-) (-) 
(~) (-) 
(~) (-) 
(-) (-) 
(-) - 


- (-) 



+ 

(-) 





(-) (+) (-) (-) 

- ~ (-) + 

- + ~ 

- (+) - (+) 

- + « 

- + ~ - 

- + - - 


+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

(+) 

(+) 



- + 
- + 
- + 
- + 
- + 
- + 
- + 
~ + 
- + 
~ (-) 
(-) ~ 


(-) 


I 


■s. 


(-) - 
+ (-) 
+ (-) 
(+) (“) 
(+) (~) 
- (-) 
+ (-) 
+ - 
+ - 

+ ~ 


+ ■** heavy to good growth; (+) » very good to moderate growth; (—) = feeble growth but somewhat better 
than control; — » extremely feeble growth or equal to control. Only + a&d (+) signs indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2% agar, 0 . 1 % (NH4)2S04, 0 . 1 % E2HPO4, and 1 % CaCOa. Incubation: 6 days 
at 30 ^ 0 . 


be seen that Mycobacterium phlei, Sarcina lutea, and Pseudomonas 
fluorescens are able to use a number of these acids as a source of carbon, 
whereas other bacteria are unable to attack any of them. 

2. Monobasic Unsaturated Acids. The utilization of the mono¬ 
basic unsaturated acids by microorganisms has been studied very little 
by the bacteriologist. Den Dooren de Jong (1926) observed that a 
few bacteria were able to use certain acids of this group as a source 
of carbon (see Table 2), but nothing is known concerning the nature 
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TABLE 2 

Utilization of Monobasic Unsaturated Acids by Bacteria 
[From den Dooren de Jong (1926)] 


Basal Medium * plus 
0.5 Per Cent of the 
Undermentioned 
Compounds 


Acrylic acid, 
CH2:CHC00H 
a-Crotonic acid, 
CHa-CHrCHCOOH 
Undecylic acid, 
CH2:CH-(CH2)8-C00H 
Oleic acid, 

CnHaa-COOH 
Elaidic acid, 

CnHaa-COOH 


(-) 


(-) 



(+) “ 



+ 




(+) - 


(+) - 


(-) 


I 

ts 

I 

a 


+ - (-) 
(+) (-) - 
(+) (+) - 


— heavy to good growth; (+) = very good to moderate growth, (—) =» feeble growth but somewhat better 
than control; — » extremely feeble growth or equal to control. Only + and (+) signs indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2% agar, 0.1% (NH 4 ) 2 S 04 ,0.1% K 2 HPO 4 , and 1% CaCOs. Incubation: 5 days 
at 30*C. 


of the end products produced from their metabolism. Oleic acid is 
known to function in the metabolism of the diphtheria bacillus^ al¬ 
though no information is available concerning its physiological role (see 
the discussion of the nutrition of the diphtheria bacillus in Chapter 7). 

3. Monohydroxy Monobasic Acids. The best-known organic acids 
which belong to this class are shown in Table 3. Several workers 
have reported that the salts of glycolic acid are attacked by bacteria, 
but den Dooren de Jong (1926) and others have been unable to confirm 
these results. Lactic acid and its salts, on the other hand, are dis- 
similated by a great many aerobic, facultative, and anaerobic bacteria. 
Although the end products of the aerobic dissimilation of lactic acid 
have not been studied, considerable information is available concern¬ 
ing the anaerobic dissimilation. Buchanan and Fulmer (1930) re¬ 
viewed the literature on this subject and found that the following 
fourteen compounds have been reported as being formed by various 
microorganisms which attack lactic acid: formic, acetic, propionic, 
butyric, caproic, caprylic, lactic, and succinic acids, 2,3-butylene glycol, 
acetone, acetaldehyde, ethyl and butyl alcohols, and CO 2 . 
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4. Dihydboxt and Polyhtdroxy Monobasic Acids. Probably 
the best known acids of this class are glyceric acid, CH 20 H’CH 0 H« 
COOH, and gluconic acid, CH20H*(CH0H)4‘C00H. Both of these 
compounds can be utilized by certain microorganisms; with other 
organisms they appear as intermediates or as end products when other 
carbon compounds are metabolized. 


TABLE 3 

Utilization op Monohydroxy Monobasic Acids 
[From den Dooren do Jong (1926)] 


Basal Medium * plus 
0.5 Per Cent of the 
Undermentioned 
Compounds 


Olyoolio acid, 
CHa(OH)COOH 
Lactic add, 
CHjCHOH-COOH 
(r-Hydroxybutyrio acid, 
CHs-OHa-CHOHCOOH 
H-Hydroxybutyric add, 
CHfCHOHCHaCOOH 
Hydroxyisobutyric add, 
(CHs)2*C(OH)-COOH 



+ heavy to good growth; (+) ■■ very good to moderate growth; (—) » feeble growth but somewhat better 
tiian (xmtrol; extremely feeble growth or equal to control. Only + and (+) signs indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2 % agar, 0.1% (NH 4 ) 8 S 04 ,0.1% K 2 HPO 4 , and 1 % CaCOg. Incubation: 6 days 
at 80 <tl. 


5. Monobasic KiiroNic Acids. Several of the keto acids are dis- 
similated by microorganisms. Pyruvic acid (CHs-CO-COOH) has 
assumed considerable importance in recent years in metabolism studies 
because of its demonstration as an intermediate product and because 
of the ease with which it is fermented by many organisms. Buchanan 
and Fulmer (1930) found that the following thirteen compounds have 
been reported as dissimilation products of pyruvic acid by bacteria, 
yeasts, or molds: formic, acetic, propionic, lactic, fumaric, glycolic, 
and oxalic acids, acetylmethylcarbinol, acetaldehyde, aldol (o-hydroxy- 
butyric aldehyde), fat, H 2 , and CO 2 . Otiier ketonic acids, such as 
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a-ketobutyric acid, CH 3 -CH 2 -CO»COOH, acetoacetic acid, CHa^CO* 
CHa’COOH, and levulinio acid, CH 3 *CO*(CH 2 ) 2 *COOH, are known 
to be dissimilated by certain microorganisms, but little is known about 
their metabolism. 

6. Dibasic Saturated Acids. The most important dibasic sat¬ 
urated acids are listed in Table 4. Certain of these acids are utilized 
easily as a source of carbon by a few microorganisms, whereas others 

TABLE 4 

Utilization op Dibasic Saturated Acids 

[From den Dooren de Jong (1926)] 


Basal Medium * plus 
0.5 Per Ceot of the 
Undermentioned 
Compounds 


Oxalic acid, 

HOOCCOOH 
Malonic acid, 
H00CCH2*C00H 
Ethyl malonic acid, 
HOOCCHCCaHfilCOOH 
Dimethylmalonic acid, 
H00CC(CH3)2C00H 
Diethylroalonic acid, 
H00C-C(C2H6)2-C00H 
Succinic acid, 
H00C-(CH2)2-C00H 
Methyl succinic acid, 
HOOCCH2CH(CH8)COOfl 
Glutario acid, 
HOOC(CH 2 )jCOOH 
Adipic acid, 
H00C-(CH2)4-C00H 
Pimelic acid, 
H00C.(CH2)6C00H 
Suberic acid, 
H00C(CH2)8-C00H 
Aselaic acid, 
H00C(CH2)7-C00H 
Sebaoio acid, 
H00C-(CH2)8-C00H 



- - - - - (+) - 


+ heavy to good growth; (+) * very good to moderate growth; (—) » feeble growth but somewhat bettor 
than control; — * extremely feeble growth or equal to control Only + and (+) signe indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2 % agar, 0.1% (NH 4 } 2 S 04 ,0.1% K 1 HPO 4 , and 1% CaCOs. Incubation: 5 dayt 
at 80*0. 
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are relatively refractory. Some appear as important intermediate 
products or end products in the dissimilation of carbohydrates by 
bacteria, yeasts, or molds [see Buchanan and Fulmer (1930)]. Pimelic 
acid plays an important, but yet imknown, role in the nutrition of 
Corynebacterium diphtheriae. 

7. Dibasic and Tribasic Unsaturated Acids. Several acids which 
belong to this class are utilized as a source of carbon by microorganisms, 
or they appear as intermediate or end products when carbohydrates 
are dissimilated by such organisms. The data in Table 6 may be cited 
as an example of the utilization of certain of these compounds by bacte¬ 
ria. For additional reading Buchanan and Fulmer (1930) and Chap- 

TABLE 5 

Utilization of Dibasic and Tribasic Acids by Bacteria 


[From den Dooren de Jong (1926)] 
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their ability to serve as a source of carbon to bacteria. One example 
(see Table 7) will be cited. 

It should be mentioned again that the examples which have been 
cited in this discussion are valid only under the conditions of the 
experiments. If different basal media containing various growth factors 
had been employed, for example, the results might have been entirely 
different. The data cited, however, serve very well to illustrate the 
types of compounds which have been studied. 


TABLE 6 

Utilization of Mono- and Polyhydroxt Polybasic Acids 


[From den Dooren de Jong (1926)] 


Basal Medium * plus 
0.6 Per Cent of the 
Undermentioned 
Compounds 


Malic acid, 

HOOCCH 2 CHOHCOOH 
Tartaric acid, 

HOOC-CHOH CHOH COOH (d) 
Racemic acid, 

HOOC-CHOH CHOH COOH (dO 
Saccharic acid, 

H00C(CH0H)4-C00H 
Mucic acid, 

H00C(CH0H)4C00H 
Citric acid, 

HOOC • CH 2 • COH (COOH) • CH 2 • COOH 


1 i i 

111 

1 1 

AerobaeUr aerogmes 

Escherichia cdi 

Serratia marceecena 

Bacterium htrhicola 

Proteus vulgaris 

+ - ~ 

+ + + +(-) 

- - - 

-+ 

+ - - 

+ +(+) + (-) 

+ - - 

(~) (+) - (+) (-) 

(+) - - 

+ - + + + 



+ (“) (+) + + 


+ - + + - 

(“) - - (+) (-) 

+ - + + + 


+ ** heavy to good growth; (+) «>= very good to moderate growth; (—) « feeble growth bat somewhat better 
than control; — extremely feeble growth or equal to control. Only + and (+) signs indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2% agar, 0.1% (NH4)2S04,0.1% K2HFO4, and 1% CaCOs. Incubation: 6 days 
at30*C. 


Carbohydrates. Many of the compounds which are classified as 
carbohydrates are easily utilized as a source of carbon by microorgan¬ 
isms, but others are quite resistant to attack. The literature on this 
topic is large. Some attention was given to the subject in Chapters 6 
and 7, and for additional reading the books by Waksman (1932), 
Thaysen and Bunker (1927), Thaysen and Galloway (1930), and 
Buchanan and Fulmer (1930) should be consulted. 
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TABLE 7 

Utilization of Miscellaneous Acids by Bacteria 

[From den Dooren de Jong (1926)] 


Basal Msdium * plus 
0.5 Per Cent of the 
Undminentioned 
Compounds 


Fhenylacetio aoid, 
CsHfi-CHs-COOH 
/9-Phenylpropionic acid, 
CeH6CH8-CH2C00H 
PbenylglycoUc acid. 

CeHftCHOHCOOH 
/^Fhenylacrylic acid, 
C6H6CH:CHC00H 
o-Cumaric acid, 

H0 C 6 H 5 *CH:CH C00H (tram) 
Cyclohexanecarbomo acid, 
CsHirCOOH 
Quinic acid, 

C8H7(0H)4C00H 
Thioacetic acid, 

CHj-COSH 
Thioglycolic add, 

CH2(SH)C00H 
Thiolactio acid, 
CH,^CH( 8 H)-COOH 
Trichloracetic acid. 

CClj-COOH 
Bromoacetio acid, 

CHaBrCOOH 
a-Bromopropionic acid, 
CHa-CHBrCOOH 
^Bromopropionic acid, 
CH2BrCH2COOH 
Triohlorobutyric aeid, 
C8H4C1,C00H 
a-Bromobutyric add, 
CH 8 *CHi-CHBr-COOH 
cfBromoisobutyric add, 
(CH 8 ) 2 -CBrCOOH 
Bromoeuoeinie add, 
HOOCCHBrCHa-COOH 
Bensoic acid, 

CeHfiCOOH 
p-Hydroxybenaoic add, 
H 0 C<|H 4 C 00 H 
SaUcyUeadd, 
HOCeH4COOH(l:3) 



-f- x* heavy to good growth; (+) very good to moderate growth: (—) feeble growth but somewhat better 
than control; — » extremely feeble growth or equal to control Only + nnd (+) signs indicate that the compounds 
were attacked. 

* Basal medium: Tapwater with 2 % agar, 0.1% (NH 4 )sS 04 ,0.1% K 2 HPO 4 , and 1% CaCOj. Incubation: 5 days 
at30*C. 
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The compounds which we will consider here may be classified as 
follows: 

I. Monosaccharides. 

Aldopentoses, CH 2 OH'(011011)8 *0110: arabinose, 
xylose, ribose, and lyxose. 

Pentose sugars Ketopentoses, CH20H.(CH0H)2-C0.CH20H: 

^ xyloketose, etc. 

Methylpentoses, H 8 C*(CHOH) 4 *CHO: rhamnose, 

. fucose. 

Aldohexoses, CH 2 OH'(011011)4 *0110: glucose, 

Hexose suears “a“iose, galactose. 

sugars Kgtohexoses, GHjOH • CO • (CHOH), • CHjOH: 

fructose (levulose). 

Heptose, octose, and nonose sugars: glucoheptose, glucooctose, gluco- 
nonose. 

II. Disaccharides, O 12 H 22 O 11 . 

Linked through reducing group of each component: sucrose and tre¬ 
halose. 

Linked to carbon four of the alcohol portion,^ or the 04 -disaccharide 8 : 
maltose, cellobiose, and lactose. 

Linked to carbon six of the alcohol portion,' or the Ce-disaccharides: 
gentiobiose and melibiose. 

III. Trisaccharides, C 18 H 32 O 18 . 

Raffinose, melezitose, and gentianose. 

IV. Tetrasaccharides, C 24 H 42 O 21 . 

Stachyose. 

V. Polysaccharides, (CeHioOs)*. 

Dextrins, starch, glycogen, and inulin. 

Gums, pectins, and hemicelluloses. 

Cellulose and lignins. 

Arabinose. Both the U and d-forms of arabinose have been used 
by the bacteriologist to differentiate organisms on the basis of their 
fermentative characteristics [Stenifeld and Saunders (1937)]. In sev¬ 
eral studies some of the dissimilation products of arabinose have been 
reported, and a few examples are cited in Table 8. For additional 
reading on this subject Buchanan and Fulmer (1930) and Fulmer and 
Werkman (1930) should be consulted. 

Xylose. The fermentation of d-xylose by microorganisms has been 
studied rather extensively by Koser and Saunders (1933), Stemfeld 

^ d-Glucose is the alcohol portion of each. 
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TABLE 8 

Pboducts op Ababinose Dissimilation by Micboobganisms * 


Organism 
Escherichia coli 

Aerohacter aerogenes 

Acetobacter suboxydans 
Lactobacillus arabinosus 

PropionibcLcterium 
pentosaceum 
Bacillus acetoethylicus 

Clostridium 
acetobutylicum 
Saccharomyces cerevisiae 

Aspergillus niger 


Products of Arabinose 
Dissimilation 

Acetic, lactic, and succinic 
acids, ethyl alcohol, 
CO 2 , H 2 

Acetylmcthylcarbinol, 
2,3-butylene glycol 

Arobonic acid 

Acetic and lactic acids, 
CO 2 

Acetic and propionic acids, 
CO 2 

Acetone, ethyl alcohol, 
formic acid 

Butyl alcohol, ethyl alco¬ 
hol, acetone 

Ethyl alcohol, CO 2 , glyc- 
eraldehyde (?) 

Citric acid, oxalic and glu¬ 
conic acids 


Reference 
Harden (1901) 


Harden and Norris (1912) 

Visser’t Hooft (1925) 

Fred, Peterson, and Ander¬ 
son (1921) 

Workman, Hixon, Fulmer, 
and Rayburn (1929) 

Northrop, Ashe, and Mor¬ 
gan (1919) 

Underkofler and Hunter 
(1938) 

Abbott (1926) 

Amclung (1927), Bern- 
hauer (1928), Allsopp 
(1937) 


* See Chapter 10 for other organisms which utilize arabinose and for the products 
formed. 


and Saunders (1937), and Lechner (1940). This substance is commonly 
used in the differentiation of bacteria on a physiological basis, but in 
only a few studies have the products of dissimilation of various organ¬ 
isms been determined (see Table 9). 

Ribose and Lyxose. These two pentose sugars have not been used 
very extensively in metabolic studies of microorganisms. Sternfeld 
and Saunders (1937) found that a number of common pathogenic and 
nonpathogenic bacteria ferment d- and J-ribose and d-lyxose, whereas 
the yeasts Saccharomyces cerevisiae and Torula cremoris were unable 
to attack any compounds. 

Rhamnose and Fucose. Fermentation of Z-rhamnose by bacteria 
is frequently used to differentiate certain species, but little is known 
concerning their metabolic products. Kluyver and Schnellen (1937) 
found that Bacterium rhamnosifermentaus produced formic, acetic, 
and succinic acids, ethyl alcohol, CO 2 , and H 2 from rhamnose, but no 
other studies have appeared on the fermentation products of other 
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TABLE 9 


Products of Xylose Dissimilation by Microorganisms * 


Organism 

Aerobacter 

aerogenea 

Aerobacter feni 


Aerobacter 

indologenea 


Serratia marceacena 
Lactobacillua 
pentoaua 

Propionibacterium 

pentoaaceum 

Baeillua 

acetoeihylicum 

Bacillm polymyxa 


Cloatridium 

acetobutylicwm 


Products of Xylose 
Dissimilation 

Formic, acetic, butyric, lactic, 
and succinic acids, ethyl al¬ 
cohol 

Formic, acetic, lactic, and suc¬ 
cinic acids, ethyl alcohol, 
acetylmethylcarbinol, 2,3- 
butylene glycol, CO 2 , H 2 

Formic, acetic, and succinic 
acids, ethyl alcohol, acetyl¬ 
methylcarbinol, 2,3-buty- 
lene glycol, CO 2 , H 2 

Ascorbic acid 

Acetic and lactic acids 

Acetic and propionic acids 

Formic, acetic, and lactic 
acids, ethyl alcohol, ace¬ 
tone, CO 2 

Formic, lactic, and succinic 
acids, ethyl alcohol, acetyl¬ 
methylcarbinol, 2,3-buty¬ 
lene glycol, CO 2 , H 2 

Acetone, butyl alcohol, ethyl 
alcohol 


Saccharomycea 
cereviaiae 
Aapergillua niger 


Ethyl alcohol, glyceric alde¬ 
hyde (?), CO 2 
Citric and oxalic acids 


AspergiUmflavus \ ^ojic acid 
Aapergillua tamani I 


Reference 

Peterson and Fred (1920) 


Breden, Fulmer, Werkman, 
and Hixon (1930) 


Reynolds and Werkman 
(1937) 


Berencsi and Ill^nyi (1938) 
Fred, Peterson, and Ander¬ 
son (1921) 

Werkman, Hixon, Fulmer, 
and Rayburn (1929) 
Arzberger, Peterson, and 
Fred (1920) 

Stably (1936) 


Underkofler, Christensen, 
and Fulmer (1936), Un¬ 
derkofler and Hunter 
(1938); see Chapter 10 

Abbott (1926); see Chapter 
10 

Bemhauer (1928), Allsopp 
(1937); see Chapter 10 

Barham and Smits (1936), 
Gould (1938); see Chap¬ 
ter 10 


* See Chapter 10 for other organisms which utilize xylose and for the products 
formed. 


bacteria which attack this sugar. Fucose is fermented by coli-aerogenes 
bacteria with acid and gas production [Koser and Saunders (1933), 
Field and Poe (1940)], lactic, succinic, and acetic acids are formed by 
both bacteria, and acetylmethylcarbinol is produced by the aerogenes 
strains. Tadokoro (1936) studied the fermentation of fucose by Asper- 
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TABLE 10 


PSODTTCTS OF QlUCOSE DlBSnilLATIOM BT MicROOBOAMIBIIB * 


Organism 
Eteherichia eoli 


Products of Glucose Dissimilation 
Formic, acetic, lactic, and succinic adds, 
ethyl alcohol, CO 2 , 


Aerohacter aerogenea 


Aerobaeter indologenea 


Proteus hydrophUus 
Eberthdla typhosa 

Salmondlat ShigeUa, 
and Vibrio spedes 
Paateurdla peatis 

Vibrio comma ) 

Vibrio ElTor ) 

Neiaaeria gonorrheae 
Pneumocoecua types. 
Streptococcus and 
Staphylococcus 
spedes 

Staphylococcus albua 


Sarcina veniriculif 
Sarcina maxima 
Sarcina lutea 
Serratia marceacena, 
Serratia indica 

Acetobaeter auboxydana 


Formic, acetic, lactic, andsucdnic acids, 
ethyl alcohol, acetylmethylcarbinol, 
2,3-butylene glycol, COs, Ha 

Formic and acetic adds, ethyl alcohol, 
acetylmethylcarbinol, 2,3-butylene 
glycol, COa, Ha 
Similar to Aerobaeter spedes 
Formic, acetic, lactic, andsucdnic acids, 
ethyl alcohol 

Formic, acetic, lactic, andsucdnic adds, 
ethyl alcohol 

Formic, acetic, lactic, pyru"ac, and suc- 
dnic acids, ethyl al(K>hol, COa 
Formic, acetic, lactic, and succinic acids, 
ethyl alcohol, acetylmethylcarbinol, 
2,3-butylene ^ycol, COa 
Acetic, pyruvic, and lactic acids, COa 
Formic, acetic, lactic, and unidentified 
nonvolatile adds, ethyl alcohol 


Lactic and a-keto-Y-hydroxy valeric 
acids; a-keto*r*hydroxyvaleraldehyde; 
etc. 

Formic, acetic, butyric, lactic, and suc¬ 
cinic acids, ethyl alcohol, CO 2 , and Ha 
Lactic and acetic adds 
Formic, acetic, lactic, and succinic adds, 
ethyl alcohol, acetylmethylcarbinol, 
2,3-butylene glycol, COa 
2 - and 6-Ketogluoonio add 


Pseudomonas 

aeruginosa 

Pseudomonas mtdci- 
dolens, Phytomonaa 
stewartiif and related 
spedes 

Photobacterium 

phoaphoreum 

Photobacterium 

fiaeheri 

Pseudomonas lindneri 


LaciobaciUus lyeoper- 
sicif Leuconoatoc 
dsxtranieum 
LactobaciXbis 
lekhmannii 
Streptococcus laelis 
Propionibaeterium 
spedes 


Formic and acetic adds, ethyl alcohol 
2 -Ketogluoonio add 


Formic, acetic, lactic, and succinic adds, 
ethyl alcohol, 2, 3-butylene glycol, Ha, 
COa, trace of acetylmethylcarbinol 
Similar to Photobaoterium phoaphoreumf 
but no Ha or 2,3-butylene glycol 
Ethyl alcohol, COa, traces of acetic, lac¬ 
tic, and sucdnic adds, glycerol, acet¬ 
aldehyde, and esters 
Acetic and lactic adds, glycerol, ethyl 
alcohol, COa 

i-Lactic add 1 

d-Lactio add) 

Propionic, acetic, andsucdnic acids, COa 


Reference 

Harden (1901), Grey and 
Young (1921), Tikka (1935), 
Krebs (1937), Friedemann 
(1938) 

Harden and Walpole (1906), 
Scheffer (1928), Fosdick and 
Dodds (1946); see Chapter 
10 

Reynolds and Workman (1937) 


Stanier and Adams (1944) 
Harden (1901), Friedemann 
(1938) 

Friedemann (1938) 

Doadoroff (1943) 

Baars (1940) 


Barron and Miller (1932) 
Friedemann (1938) 


Fosdick and Rapp (1943) 


Smit (1928) 

Fosdick and Calandra (1946) 
Pederson and Breed (1928) 


Kluyver and Boesaardt (1938), 
Bernhauer and Knobloch 
(1938), Stubbs, Lockwood, 
Roe, Tabenkin, and Ward 
(1940); see Chapter 10 
Aubel (1921) 

Lockwood, Tabenkin, and 
Ward (1941) 


Doudoroff (1942) 

Schreder, Brunner, and Hampe 
(1934) 

Nelson and Workman (1940) 

AUgeier and Peterson (1930) 

van Nid (1928), Wood and 
Workman (1936) 


* Bee Chapter 10 for other organisms which utilise glucose and for the products formed. 
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TABLE 10 {Cofniinued) 

Products of Glucose Dissimilation bt Micboobqanisms 


Organism 

BacUlui acetoetkylicum 


Products of Glucose Dissiinilation 
Acetone, ethyl alcohol, formic acid, COt, 
H2 


BaciUua polymyxa 


LaetobaciUua lycoper- 
aici, LaetobaciUua 
mannitopoeua 
Corynabacterium 
diphtheriae 

BaciUua desOrolacticua 


Cloatridium thermo- 
aaccharolyticum 
Cloatridium teiani 


Cloatridium botulinum 

Cloatridium perfringenat 
Cloatridium aepticumt 
Cloairidium 
aporogenea 

Cloatridium tetanic 
Cloatridium 
botulinum 

Cloatridium butylieum 


Cloatridium 
thermoaceticum 
Yeasts, especially Sao- 
charomycea species 


Formic, acetic, lactic, andsuocinio acids, 
ethyl alcohol, acetylmethylcarbinol, 
2,3-butylene ^ycol, CO 2 , H 2 
Acetic and lactic acids, ethyl alcohol, 
glycerol, CO 2 

Formic, acetic, propionic, lactic, and suc¬ 
cinic acids, ethyl alcohol, 062 
d-Lactic acid, traces of 2,3-butylene gly¬ 
col, acetylmethylcarbinol, diacetyl, 
acetic acid, and ethyl alcohol 
Acetic, butyric, and lactic acids, CO 2 , H 2 

Acetic, butyric, and lactic acids, methyl, 
ethyl, and butyl alcohols, CO 2 , trace 
of H 2 

Ethyl alcohol, CO 2 , trace of acetic and 
lactic acids, and H 2 

Ethyl alcohol, formic, acetic, butyric, 1 
and lactic adds 


Ethyl alcohol, formic, acetic, and butyric 
adds 

Butyl and isopropyl alcohol, CC> 2 , Ha, 
small amounts of acetic and butyric 
adds, and ethyl alcohol 

Acetic add 

Ethyl alcohol, CO 2 , glycerol, lactic add, 
and traces of other products 


Zygoaaccharomycea 
acidifaciena 
AapergiUua tamarii 
AapergiUua niger 


Ethyl alcohol, acetic and lactic adds, 
glycerol, CO 2 
Kojic add 
Gluconic add 


Reference 

Northrop, Ashe, and Morgan 
(1919), Peterson and Fred 
(1920) 

Patrick (1932), Stahly (1936) 


Nelson and Werkman (1935) 


Tasman and Brandwijk (1938) 
Andersen and Werkman (1940) 


Sjolander, McCoy, and Mo- 
Clung (1937) 

Boorsma, Pr4vot, and Veillon 
(1939) 

CUfton (1940) 


Friedemann and Kmiedak 
(1941) 


Osburn, Brown, and Werkman 
(1938) 

Fontaine, Peterson, McCoy, 
Johnson, and Ritter (1942) 

Numerous workers [see Guille¬ 
met (1939), Hohl and Joslyn 
(1941), and references in 
Chapter 10] 

Nickerson and Carroll (1945) 

Gould (1938) 

Forges, Clark, and Gastrook 
(1640), Forges, Clark, and 
Aronovsky (1941) 


gillus oryzae and reported that the metabolic products consisted of 
formic, kojic, glycolic, lactic, succinic, and oxalic acids. 

Glucose (Dextrose) . The literature dealing with the fermentation 
of glucose by microorganisms is so extensive that it will be impossible 
to review it even briefly here. d-Glucose is utilized readily as a source 
of carbon and energy by many microorganisms and is therefore the 
most commonly used sugar in the bacteriology laboratory. i-Glucose, 
on the other hand, is apparently rpot utilized by bacteria [Rudney 
(1940)]. A few studies in which the products of metabolism of glucose 
by microorganisms have been determined are cited in Table 10; addi¬ 
tional studies will be found in the references and in Chapter 10. 
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Mannose. The hexose d-mannose is widely used in studies dealing 
with the physiological characteristics of microorganisms. The products 
of fermentation are in general the same as those from glucose and 
fructose, and many organisms are capable of fermenting all these 
sugars. Wedum and Golden (1937), however, have observed that a 
number of bacteria utilize glucose and fructose, but not mannose. 

Galactose. This aldohexose is fermented by many bacteria, yeasts, 
and molds. It is apparently not utilized by all yeasts [Amadio (1936)], 
and in some cases it is attacked more slowly than glucose. The products 
of fermentation are in general the same as those from glucose. The 
study by Takahashi and Asai (1934), however, is of special interest, 
because they reported for the first time the production of galactonic 
acid and comenic acid (C 6 H 4 O 5 ) from galactose by a strain of acetic 
acid bacteria. 

Fructose (^-Fructose, Levulose). This ketohexose is utilized 
as a source of carbon and energy by a number of microorganisms, and 
the consensus is that organisms which ferment glucose are able also to 
ferment fructose [Wedum and Golden (1937)]. Usually the same 
products of fermentation are produced from both fructose and glucose, 
although only a few studies have been carried out in which the two 
sugam were compared. For example. Nelson and Workman (1940) 
studied the dissimilation of glucose and fructose by two heterofer- 
mentative lactic acid bacteria {Lactobacillus lycopersici, Leuconostoc 
dexiranicum) and found that both sugars yielded glycerol, acetic and 
lactic acids, ethyl alcohol, and CO 2 ; however, mannitol was also formed 
from fructose. Pervozvanskil (1939) found that the chief product of 
the fermentation of d-fructose by Pseudomonas fluorescens was d-man- 
nonic acid. 

Sorbose and Tagatose. These two ketohexoses have been studied 
very little as a source of carbon and energy for microorganisms. It is 
generally assumed that organisms which ferment fructose also attack 
these sugars, but this assumption is probably not valid, because Koser 
and Saunders (1933) found d-sorbose to be quite resistant to bacterial 
attack. Only a few strains of Aerobacter aerogenes and Klebsiella 
pneumoniae, out of some twenty-five different species of microorgan¬ 
isms tested, were able to ferment this sugar. Dozois, Carr, and Krantz 
(1938), on the other hand, observed that J-sorbose was used by certain 
strains of Escherichia coli and Aerobacter aerogenes, but not by strains 
of typhoid or paratyphoid. 

Glucoheptose, Glucooctose, and Glucononose. The 5- and 
6 -carbon sugars are quite easily attacked by many microorganisms, 
the pentoses being attacked by fewer organisms than the hexoses. 
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The 7-, 8-, and 9-carbon sugars, on the other hand, are apparently 
quite resistant to attack by microorganisms, since Koser and Saunders 
(1933) and Sternfeld and Saunders (1937) found that none of twenty- 
three bacterial and yeast species utilized heptoses or octoses, and only 
three species {Proteus vulgariSj Staphylococcus albus, and Torula ere- 
marts) fermented glucononose with acid production. Johnson and 


TABLE 11 

Products op Sucrose Dissimilation by Microorganisms * 


Organism 
Aerohacter feni 


Shigella paradysenle- 
riae-Sonnei 
LactobacilltLS casei 
Streptococcus lactis 


Products of Sucrose Dissimilation 
Formic, acetic, lactic, and suc¬ 
cinic acids, ethyl alcohol, ace- 
tylmethylcarbinol, 2,3-buty¬ 
lene glycol, CO 2 , H 2 
Formic, acetic, lactic, and suc¬ 
cinic acids, ethyl alcohol, CO 2 
i-Lactic acid 1 
d-Lactic acid J 


Lactobacilli 


Acetic and lactic acids, mannitol 


Leucouosioc Dextran 

meserUeroides 


Leuconostoc 
vermiforme 
Thermohacillus 
tarbeUicus 
Bacillus subtilis 
Bacillus 
acetoethylicum 
Yeast 


Saccharomyces sakCy 
Zygosacckaromyces 
majory Zygosacchar- 
omyces salsiLS 
Torula cremoris, 
Torula sphericus 
Aspergillus niger and 
other molds 


Dextran 

Formic, acetic, valeric, and lac¬ 
tic acids 

Acetylmethylcarbinol 

Acetone, ethyl alcohol, formic 
acid 

Ethyl alcohol, CO 2 , traces of 
acetic acid, acetaldehyde, 
glycerol 

Ethyl alcohol, CO 2 , acetic acid, 
acetaldehyde, glycerol 


Ethyl alcohol, CO 2 

Citric, gluconic, and oxalic acids 


Reference 

Breden, Fulmer, Werk- 
man, and Hixon 
(1930) 

Reynolds, McCleskey, 
and Workman (1934) 

Virtanen, Wichmann, 
and Lindstrom 
(1927) 

Stiles, Peterson, and 
Fred (1926) 

Peat, Schltichterer, and 
Stacey (1939), Has¬ 
sid and Barker 
(1940) 

Daker and Stacey 
(1939) ' 

Guittonneau, DeLaval, 
and Bejambes (1930) 

Lafon (1932) 

Northrop, Ashe, and 
Morgan (1919) 

Neuberg and Hirsch 
(1919); see Chapter 
10 

Kumagawa (1922) 


Hammer and Cordes 
(1920) 

Amelung (1927), Bern- 
hauer (1928); see 
Chapter 10 


* See Chapter 10 for other organisms which utilize sucrose and for the products 
formed. 
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Schwarz (1944), however, reported that heptose sugars can be utilized 
by Bacterium aliphaticum. 

Sucrose. The disaccharide sucrose is a nonreducing sugar, and upon 
hydrolysis by dilute acids or by its specific enzyme (invertase) one mole 
of glucose and one of fructose are formed. It is used as a source of 
carbon and energy by many bacteria, yeasts, and molds and is em¬ 
ployed to differentiate certain closely related species of bacteria, es¬ 
pecially members of the colon-typhoid group. In general, the products 
of fermentation of sucrose by microorganisms are the same as those 
from glucose and fructose. A few examples of the products of dis¬ 
similation of sucrose by microorganisms are cited in Table 11; for addi¬ 
tional data on this subject the books by Buchanan and Fulmer (1930), 
Fulmer and Werkman (1930), and the discussion in Chapter 10 should 
be consulted. 

Trehalose. This disaccharide is used as a source of carbon by a 
number of microorganisms. Such organisms probably produce the 
same dissimilation products from trehalose as from glucose, since 
trehalose is composed of two glucose units. For example, Kluyver 
and van Roosmalen (1932) found that Saccharomyces cerevisiae and 
Torula daUila ferment trehalose to ethyl alcohol and CO 2 ; Fusarium 
Uni also ferments this sugar [O'Connor (1940)]; and Poe and Field 
(1932) observed that Escherichia coli and Aerobacter aerogenes strains 
form acetic, lactic, and succinic acids, ethyl alcohol, CO 2 , and H 2 
from this disaccharide. 

Maltose. This reducing disaccharide is easily fermented by a 
number of bacteria, yeasts, and molds. Although its linkage of carbon 
atoms is different from that of trehalose, the products of dissimilation 
of the two sugars are approximately the same; both yield two moles 
of glucose upon hydrolysis. 

Cellobiose. CeUobiose differs from maltose only in its glucosidic 
configuration; it is reducing and is hydrolyzed by acid or by emulsin 
into two moles of glucose. Like certain other sugars, cellobiose is 
utilized as a source of carbon and energy by several microorganisms. 
For a while it was thought that the sugar could be used to differentiate 
coU-aerogenes and related forms, but this theory is now doubted in 
view of the work of Skinner and Brudnoy (1932), Tittsler and Sajid- 
holzer (1936), and Poe and Klemme (1935). It is fermented by yeast, 
although somewhat more slowly than is glucose [Myrback (1940)]; 
it is also utilized by certain molds. The fermentation products appear 
to be approximately the same from cellobiose as from glucose and othei 
sugars [Poe and Klemme (1935)]. 
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Lactose (Milk Sugar). Lactose is one of the most common of the 
disaccharides. It produces one mole of glucose and one mole of galao 
tose on acid hydrolysis and is a reducing sugar. Certain bacteria, 
yeasts, and molds can utilize lactose as a source of carbon; its fermenta* 
tion is of special importance in the differentiation of members of the 
colon-typhoid group of bacteria. The products of dissimilation of 
lactose by microorganisms are in general the same as those from 
glucose and galactose. 

Gentiobiose. This reducing sugar produces two moles of glucose 
on hydrolysis. It has been studied very little in bacteriology, but it 
is known to be utilized by molds and bacteria. 

Melibiose. The reducing disaccharide melibiose is composed of 
one mole of glucose and one mole of galactose. It is fermented by 
certain microorganisms. Although very little is known concerning 
its degradation products, it is generally assumed that they are the 
same as those from glucose and galactose. 

Raffinose. Raffinose is the most important of the trisaccharides 
and is composed of one mole each of fructose, glucose, and galactose. 
It is fermented by certain bacteria, but little is known about its prod¬ 
ucts. Yeasts utilize raffinose, but, according to Amadio (1936), 
Saccharomyces cerevisiae yields only about 10 per cent as much alcohol 
from raffinose as from glucose. Aspergillus niger produces citric acid 
from raffinose [Amelung (1930)]. 

Melezitose. This is a nonreducing sugar, and mild acid hydrolysis 
produces one mole of glucose and one mole of turanose (an isomer of 
sucrose); the turanose yields one mole each of glucose and fructose 
on further hydrolysis. It is utilized by certain bacteria, yeasts, and 
molds. 

Gentianose. The trisaccharide gentianose yields one mole of fruc¬ 
tose and one mole of gentiobiose on mild acid hydrolysis; the gentio¬ 
biose produces two moles of glucose on further hydrolysis. The sugar 
is fermented by certain bacteria, yeasts [Guillemet (1935)], and other 
microorganisms, although little is known concerning its dissimilation 
products. 

Stachyose. The nonreducing tetrasaccharide stachyose is com¬ 
posed of one mole of fructose, one of glucose, and two of galactose. 
Little is known concerning the action of bacteria and molds [Thaysen 
and Galloway (1930)] on this sugar, but it is slowly attacked by certain 
yeasts [Chaudun (1933), Guillemet (1935)]. 

Dextrins. The dextrins are intermediate in complexity between 
the starches and maltose and are not readily prepared in pure form. 
According to Buchanan and Fulmer (1930), a number of microorgan- 
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isms ferment dextrins. In one genus the fermentation is usually re¬ 
garded as differential; that is, Corynebacterium dipUheriae ferments 
dextrins, whereas Coryndtacterium xerosis and Coryndxicterium hoff- 
mannii do not. Fthrio amyloceUa is an interesting bacterium because 
it attacks cellulose, starch, and dextrins; with starch and dextrins 
glucose accumulates in the medium when NH 4 CI is used as a nitrogen 
source [Gray (1939)]. Certain yeasts cannot ferment dextrins [Haehn, 
Glaubitz, and Gross (1937)], and others, such as Schizosaccharomyces 
ponibe, can attack potato dextrin but not rice dextrin [Skaguti and 
Otani (1939)]. Several molds are known which can attack dextrins. 

Starch. A number of microorganisms are known to attack starch 
[Buchanan and Fulmer (1930)]. It is usually assumed that the organ¬ 
isms hydrolyze the starch through dextrins to maltose and glucose, 
the glucose then being oxidatively or fermentatively dissimilated to 
other products. Usually there is little evidence of any accumulation 
of intermediate products, particularly those of hydrolysis. On the 
other hand, Tarr (1934) has reported that the endospores of certain 
bacteria hydrolyze starch to maltose only; Gray (1939) found that 
under certain conditions Vibrio amyhcella hydrolyzed starch and 
dextrins to glucose only; and Doudoroff (1940) observed that the extra¬ 
cellular enzymes of Pseudomonas saccharophila produced only di¬ 
saccharides from starch. Certain products of bacterial action upon 
starch have been found to be of some commercial significance; such 
products as acetone, isopropyl alcohol, and butyl alcohol are produced 
in considerable quantities by certain species of the genera Bacillus 
and Clostridium. Fermentation of starch is not a general property of 
yeast, but a few reports have appeared stating that certain yeasts 
ferment starch. Many molds possess the power to attack starch, and 
cell-free enzyme preparations have been extracted from some of them 
for industrial uses. 

Glycogen. This polysaccharide is very closely related to starch 
and is utilized by several microorganisms. Certain organisms produce 
only hydrolytic products such as maltose [Tarr (1934), Doudoroff 
(1940)]; in other instances the hydrolytic products are further dis¬ 
similated to other substances. 

Inulin. This carbohydrate differs from starch in that it appears 
to be built up of fructose units rather than glucose. In general, how¬ 
ever, little is known concerning the intermediate products of hydrolysis 
and the products of dissimilation. It is attacked by several microorgan¬ 
isms and is useful in differentiating pneumococci from streptococci 
and in separating certain species of the colon-typhoid group. Accord- 



COMPOUNDS LACKING NITROGEN 


819 


ing to Finkle (1936), it is not oxidized or fermented by washed cells 
of pneumococci; thus the fermentation as ordinarily determined seems 
to be associated with cell growth and division. Certain yeasts, which 
do not ferment fructose, slowly attack inulin and form ethyl alcohol, 
CO 2 , glycerol, and other products [Guillemet and Leroux (1938,1939)]. 
Some molds are also known to attack inulin. 

Gums. The name gum is given to a group of complicated substances, 
most of them mixtures, which contain carbohydrates and form sticky 
or colloidal solutions when mixed with water. On hydrolysis the gums 
yield ar pentose or hexose and compounds of an acid nature. Probably 
the best known of the gums are gum arable, gum tragacanth, and 
cherry-tree gum. Bacteria and other fungi have been described which 
utilize the gums as a source of carbohydrate; they appear to be widely 
distributed in nature [Thaysen and Bunker (1927)], but little is known 
concerning their properties. 

Pectins. Pectins occur in considerable quantities in the cell walls 
of many fruits and fleshy roots. They are complex carbohydrates, 
but little information is available concerning their exact chemical 
constitution. A number of aerobic, facultative, and anaerobic micro¬ 
organisms are known to attack the pectins, and the early literature 
on this subject is fully reviewed by Thaysen and Bunker (1927); their 
book should be consulted for further details. Later Makrinov (1932) 
and Werch, Day, Jung, and Ivy (1941) studied the fermentation of 
pectins by bacteria. Makrinov reported that pectin fermentation by 
Clostridium pectiruniorum does not yield fully oxidized compoimds, 
but rather butyric acid and small amounts of acetic acid, CO 2 , and H 2 . 
The aerobe Pectinohacter amylophilum, on the other hand, forms more 
highly oxidized products, such as CO 2 and H 2 , with about 25 per cent 
of the fermented carbohydrates being in the form of ethyl alcohol and 
formic acid. It is also of interest to note here that Funck (1937) has 
substituted pectins for agar in bacteriological media with good results. 

Hemicelluloses. The plant cell-wall substances known as hemi- 
celluloses do not contain cellulose but instead are complex carbo¬ 
hydrates containing such monoses as galactose, mannose, arabinose, 
and xylose in association mth inorganic ions and other substances. 
Agar, xylan (wood gum), and related materials belong to this group of 
substances. 

The information available concerning the utilization of hemicellu¬ 
loses by microorganisms is scanty [see the review by Thaysen and 
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Bunker (1927)]. The various kinds of agar, which are widely used in 
the bacteriological laboratory, have the following compositions: 



Japanese Agar 

Agar 

[Waksman and 

American 


[Itano (1933)] 

Bavendamm (1931)] 

Agar ♦ 

Moisture 

23% 

16.29-16.67% 

17-23% 

Ash 

2.4-3.8% 

3.86-4.23% 

2.1-3.6% 

Crude protein 

1.4-2.0% 


0.8-1.3% 

Crude fiber 

16.1-26.1% 

0.80-0.89% 

0.1-0.3% 

Soluble N-free compounds 

63.0-73.0% t 

76.16-77.34% 

76.0-78.0% 


* Courtesy of American Agar and Chemical Co., San Diego, California, 
t About one-third is galactose. 


Several bacterial species have been described which decompose agar 
[Thaysen and Bunker (1927), Waksman and Bavendamm (1931), 
Gorcsline (1933)]. The species studied by Goresline belong to the 
genera Achromobacter and Pseudomonas. It is also of interest to note 
that agar contains a substance which can be partially extracted by 
methyl alcohol or pyridine and which favors the growth of molds 
[Robbins (1939)]. The information available on the microbial decom¬ 
position of the pentosan xylan, sometimes called wood gum, is more 
extensive than that on some of the other hemicelluloses [see the review 
by Thaysen and Bunker (1927) for a discussion of the early literature]. 
Patrick and Workman (1933) described eleven species of the genus 
Bacillus and two of the genus Achromoibacter which ferment xylan with 
acid production, and Workman (1936) reported that Bacillus polymyxa 
and Bacillus macerans convert xylan into acetone, 2,3-butylene glycol, 
acetylmethylcarbinol, ethyl alcohol, CO 2 , H 2 , and formic, acetic, lactic, 
and succinic acids. Iwata (1937) also found that certain species of the 
genus Bacillus utilize xylan, forming xylose and small amounts of 
formic, acetic, and lactic acids and CO 2 . 

Cellulose. Cellulose constitutes from 30 to 50 per cent of the dry 
weight of seed or flowerii^ plants, and in substances such as cotton 
it represents about 90 per cent of the total weight of the air-dry mar 
tenal. Among the lower plants cellulose is found in the tissues of ferns 
and mosses, and it is probably present in certain of the higher algae. 
Its presence in the cells of lower algae, fungi, and bacteria is .still 
problematical. Thus it can be seen that its decomposition in nature 
is of great importance. 

True cellulose is characterized by well-defined botanical and chem¬ 
ical properties and by a characteristic crystalline structure. Althouf^ 
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resistant to ordinary mild chemical reagents and the digestive juices 
of higher animals, it is readily decomposed by a great variety of 
microorganisms; as a result it does not tend to accumulate in nature. 
Some microorganisms capable of decomposing cellulose, notably cer¬ 
tain bacteria, are highly specialized in their activities and depend upon 
cellulose as the exclusive source of energy. Other organisms, including 
certain bacteria, fungi, and actinomycetes, depend only partially upon 
cellulose as their nutrient. Frequently, several different organisms 
collaborate in the digestion of the cellulose molecule, and the products 
of decomposition by one organism may become sources of carbon and 
energy for the activities of another. 

The literature dealing with the utilization of cellulose by micro¬ 
organisms is very large, and only two phases of the problem will be 
outlined here: (1) a classification of the cellulose-decomposing organ¬ 
isms, and (2) the chemistry of cellulose decomposition by such organ¬ 
isms. The entire subject has been reviewed in some detail by Thaysen 
and Bunker (1927), Khouvine (1934), Gray (1939), Waksman (1940), 
and Boswell (1941), and these references should be consulted for 
additional reading. 

Khouvine (1934) divided the cellulose bacteria into the following 
groups: 

I. Cellulose-decomposing bacteria. 

A. Aerobic bacteria. Examples: Bacillus ceUare-solvens, Pseu¬ 
domonas perlurida, Micrococcus cytophagus, Spirocfieta cyto- 
phaga, CeUvibrio ochracea. 

B. Anaerobic bacteria. Examples: Clostridium ceUulosae-dis- 
sohens, Clostridium ceUulosolvens, Clostridium cellulolyticum. 

C. Thermophilic bacteria. Examples: Clostridium thermoceU 
lum, BaciUus thermoceUolyticus. 

II. Cellulose-synthesizing bacteria. Example: Acetobacter xylinum. 

Although such a classification has its merit, the one proposed by 
Waksman (1940) seems more logical because it takes into consideration 
the habitat of organisms. Waksman’s classification is as follows: 

1 . Microorganisms concerned in cellulose decomposition in growing 
plants, comprising a number of plant pathogens, primarily among the 
lower or filamentous fungi and the higher or fleshy fungi. 

2. Microorganisms assisting in the decomposition of cellulose in the 
digestive tracts of insects and higher animals; these may be considered 
primarily as s 3 rmbiotic oi^anisms and comprise certain anaerobic bac- 
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teria and protozoa; aerobic bacteria belonging to the Cytophaga and 
Celbnbrio groups may also participate. 

3. Microorganisms bringing about the digestion of cellulose in the 
purification of sewage and the disposal of garbage; the first function 
is carried out by various aerobic and anaerobic bacteria and to a lesser 
extent by actinomycetes and lower fungi; in the second process a 
number of fungi and bacteria, including thermophilic groups, are 
largely concerned. 

4. Microorganisms concerned in cellulose decomposition of soils 
and composts; a great many fungi, bacteria, actinomycetes, and pos¬ 
sibly also invertebrate animals are responsible for these processes. 

5. Microorganisms active in cellulose decomposition in peat bogs, 
leading to the formation of various peats and coal; anaerobic bacteria 
and some aerobic forms are active under these conditions. 

6 . Microorganisms bringing about the decomposition of cellulose 
in oceans, rivers, and other flowing water systems; these comprise 
mostly anaerobic bacteria. 

7. Microorganisms decomposing cellulose in timbers, paper pulp, 
textiles, manufactured paper, and books; a great variety of lower and 
higher fungi, actinomycetes, and aerobic bacteria, as well as certain 
invertebrate animals such as termites and shipworms, belong to this 
group. 

8 . Microorganisms utilized in the fermentation of cellulose in certain 
industries, as well as in the preparation of certain foodstuffs (for ex¬ 
ample, the production of edible mushrooms and animal feeds); here 
belong anaerobic bacteria and a number of fungi. The use of micro¬ 
organisms for industrial purposes offers great possibilities, because 
certain anaerobic bacteria are able to convert cellulose into butyric 
and acetic acids, ethyl and other alcohols, methane, CO 2 , and H 2 
[see the paper by Fulmer (1936)]. Aerobic bacteria and fungi usually 
bring about complete destruction of cellulose, without leaving much 
in the form of intermediate products; hence they have little to offer 
for the production of industrially valuable products. 

A great deal has been written about the chemistry of cellulose de¬ 
composition by various microorganisms. It is usually assumed that 
cellulose is hydrolyzed in two stages; the first is to the disaccharide 
cellobiose and the second to glucose; the glucose may then be oxida¬ 
tively or fermentatively dissimilated to other products. In anaerobic 
bacteria the products of hydrolysis and fermentation may be repre- 
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sented by the following reactions [see Viljoen, Fred, and Peterson 
(1926), Khouvine (1934), Waksman (1940)]: 

(CeHioOs)* + H 2 O —* a:(Ci2H220n) 

C12H22O11 -|- H2O —> 2 (C 8 Hi 208 ) 

2(C6Hi206) + H2O 2CH3.CHOH COOH + CH3 COOH 

+ CHa-CHa-OH + 2 CO 2 + 2 H 2 
2 CH3 CH 2 -OH -» CHa-COOH + 2 CH 4 

2 CH 3 CHOH COOH CH 3 CH 2 CH 2 COOH + 2 CO 2 + 2 H 2 
CO 2 + 4 H 2 -> CH 4 + 2 H 2 O 

As Waksman (1940) pointed out, these reactions are largely hypo¬ 
thetical, but they serve nevertheless to explain the processes involved 
in the formation of various acids, alcohols, and gases in the anaerobic 
decomposition of cellulose. Less is known of the mechanism of cellulose 
decomposition by aerobic bacteria and fungi, since only seldom have 
intermediary substances been isolated by various investigators. Simola 
(1930) reported, however, that an obligate, aerobic, sporulating bacte¬ 
rium attacked cellulose and produced CO 2 , formic acid, ethyl alcohol, 
and an unknown acid. 

Lignins. The composition of the lignins is complex and still largely 
unknown. However, since they are closely associated with the pectins 
and cellulose in nature, they may be considered at this point in the 
discussion. Under aerobic conditions lignins are quite stable, although 
certain fungi, such as Polyporus abietinus, very slowly attack them 
[Norman (1936), Garren (1938)]. On the other hand, under anaerobic 
conditions lignins are decomposed by mesophilic and thermophilic 
organisms, but to a lesser extent than are other plant constituents 
[see Boruff and Buswell (1934), Levine, Nelson, Anderson, and Jacobs 
(1935), Waksman and Hutchings (1936), Berl and Koerber (1938)]. 
Little is known concerning the fermentation products of the lignins. 
For the most part they are fermented slowly and incompletely, with 
only a small amount of CO 2 and methane being evolved. 

Glycosides. A great variety of glycosides are found in the plant 
world. They are composed of alcohols or phenols in glycosidic combina¬ 
tion with a sugar. On hydrolysis by acids or enzymes the glycosides 
produce one or more sugars, chiefly d-glucose, and a nonsugar portion, 
which is termed the aglucon; these aglucons are of a very diversified 
nature. The function of the glycosides in nature is rather obscure. 
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although the physiological actions of many are well established. A 
few of the great number of naturally occurring glycosides are cited 
below: 


Glycoside 

Sugar 

Aglucon 

Salicin 

Glucose 

o-Hydroxybenzyl alcohol 

Esculin 

Glucose 

6,7-Dihydroxycoumarm 

Coniferin 

Glucose 

Coniferyl alcohol 

Amygdalin 

Glucose (2 moles) 

Benzoic oxynitrile 

Scopolin 

Glucose (2 moles) 

6-Methylesculetin 

Hesperidin 

Glucose + rhamnose 

Hesperitin 

Lotusin 

Gentiobiose 

Lotoflavin 

Digitoxin 

Digitoxose (3 moles) 

Digitoxigenin 


The most complete study published on the utilization of glycosides 
by bacteria is that of Twort (1907). He tested the ability of eighteen 
species, including Escherichia coliy Aerohacter aerogenes, Klebsiella pneu¬ 
moniae y Eberthella iyphosay Shigella dysenteriaey and Akaligenes fecalisy 
to ferment forty-nine glycosides. The following twenty-two glycosides 
were not attacked by any of the bacteria tested: 

Ononin Jalapin 

Ericolin Scammonin 

Digitalein Colocynthin 

Helleborein Plumierid 

Cyclamin Absynthin 

Apiin Quercitrin 

Hederaglucoside Hesperidin 

Tannin 

However, the following twenty-seven glycosides were attacked by one 
or more of the eighteen test species, with the production of either acid 
or acid and gas: 


Euonymin green 

Periplocin 

Populin 

Euon 3 miin brown 

Cathartinic acid 

Camellin 

Iridin 

Amygdalin 

Globularin 

Senegin 

Sapotoxin 

Cerberid 

Coniferin 

Saponin 

Baptisin 

Arbutin 

Bryonin 

Coronillin 

Salicin 

Convallamarin 

Gratiolin 

Syringin 

Digitalin 

Adonidin 

Quillajinic acid 

Strophanthin 

Phloridizin 


The Aercbacter species and Klebsiella pneumoniae fermented the great¬ 
est number of compounds; Akaligenes fecalis was the only species 
which did not attack any of the glycosides. Many other studies have 


Convallann 

Quabin 

Scopolin 

Frangulic acid 

Smilacin 

Condurangin 

Convolvulin 
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appeared in the literature in which a few of the common glycosides 
were employed. 

Cyclic Compounds. So far in this chapter we have dealt mainly 
with the so-called aliphatic or open-chain carbon compounds which 
serve as a source of carbon and energy for microorganisms. At this 
point a few remarks should be made concerning the utilization of the 
closed-chain compounds. Although such compounds have not been 
investigated as thoroughly as have the open-chain compounds, it is 
well recognized that they are relatively poor sources of carbon for 
microorganisms. In fact, only a few organisms are known to be able 
to attack such compounds. For example, Gray and Thornton (1928) 
isolated several types of soil bacteria which could decompose phenol 
(C 6 H 5 -OH),o-, /n-, and p-cresol [CH 3 - 06114 ‘OH], naphthalene 
[CioHs], phloroglucinol [CeH 3 (OH) 3 ], resorcinol [C 6 H 4 (OH) 2 ], and 
toluene [CeHa-CHs]. Den Dooren de Jong (1926) likewise foimd that 
several pure cultures of bacteria could dissimilate certain cyclic com¬ 
pounds, such as quinic acid, CeH 7 (OH) 4 -COOH, and benzoic acid, 
CeHg-COOH (see Table 7); inositol, C6H6(OH)6, is also fermented by 
by several microorganisms. According to Saz and Bemheim (1942), 
benzoic acid and the hydroxybenzoic acids are readily oxidized by the 
mycobacteria, but they will not serve as a sole source of carbon for 
such organisms. 

Fats and Waxes. In general, the fats and waxes are not a ready 
source of carbon for microorganisms. However, a number of organisms 
are known to be capable of hydrolyzing such compounds by secreting 
specific lipases; examples of microorganisms which form lipases are 
discussed in Chapter 6. 
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METABOLISM OF NITROGEN COMPOUNDS 
BY MICROORGANISMS 

About 70 per cent of the dry protoplasmic constituents of microbial 
cells are nitrogenous compounds of varying degrees of complexity. 
Thus, if such cells are to carry out their normal activities, they must 
find a utilizable source of nitrogen, as well as other substances, in their 
environment so that they can synthesize new protoplasm and repair 
the damage done to old. Probably no other group of organisms studied 
in biology use as diversified nitrogenous substances for protoplasmic 
synthesis as do the bacteria, since, for example, some are capable of 
building their nitrogenous cell constituents with molecular nitrogen 
as a beginning; others utilize nitrates, nitrites, or ammonium salts; 
and still others, which are more deficient in synthetic ability, must 
find substances, such as amino acids, in their environment which are 
already partly advanced in the synthesis leading to protoplasm. 

In this chapter we will consider briefly a few of the nitrogenous sub¬ 
stances which are known to be utilized as a source of nitrogen by cer¬ 
tain microorganisms and, in so far as possible, list some of the changes 
which are thought to occur when the compounds are attacked and then 
assimilated by microorganisms. For additional reading on this subject 
the books by Buchanan and Fulmer (1930, Vol. Ill), Waksman (1932), 
and Stephenson (1939), and the articles cited under the various sub¬ 
stances discussed in this chapter should be consulted. 

KINDS OF NITROGEN COMPOUNDS METABOLIZED BY 
MICROORGANISMS 

The arbitrary order in which the various nitrogenous substances 
which are utilized by microorganisms will be discussed is as follows: 

Molecular Nitrogen (Nitrogen Fixation). 

Anunonia, Hydroxylamine, Nitrous Acid, Nitric Acid, and Their Salts. 

Cyanogen Compounds (Cyanic Acid, Thiocyanic Acid, Cyanamide, etc.). 

Amines and Related Compounds. 

Amides, Imides, and Their Compounds. 

830 
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Urea, Guanidine and Creatine, Purine, Pyrimidine, and Their Derivatives. 

Amino Acids. 

Peptides. 

Peptones, Proteoses, Metaproteins, and Proteins. 

MOLECULAR NITROGEN (NITROGEN FIXATION) 

The ability of various microorganisms to use atmospheric nitrogen 
for the synthesis of cellular material has been known for a number of 
years, but even now definite information is lacking on many phases of 
the process. Apparently the faculty of nitrogen fixation is not shared 
by very many higher forms of life,^ and even among microorganisms 
only a few species are known definitely to possess this property. 

Because of the economic importance of nitrogen fixation in agri¬ 
culture a great amount of fundamental and practical research has been 
done on this subject. It will be impossible here to discuss even briefly 
the various ramifications of the problem; for such information the 
books by Waksman (1932) and Wilson (1940) and the reviews by Burk 
(1934) and Burk and Burris (1941) should be consulted. 

The most important bacteria capable of fixing atmospheric nitrogen 
belong to the genera Rhizobium (symbiotic root-nodule bacteria) and 
Azotobacter (nonsymbiotic bacteria), although Clostridium pasteurianum 
and a few other anaerobes, Mycobacterium rubiacearum, and several 
other species of bacteria are known to fix some nitrogen. Pure cultures 
of blue-green algae of the genera Anabena and Nostoc are known to 
exhibit considerable nitrogen-fixing properties [Bortels (1940)], and 
small amounts of nitrogen appear to be fixed by certain molds and yeast 
[Fulmer and Christensen (1925)]. However, in certain bacteria, the 
yeasts, and the molds, the growths reported are so slow and the increase 
in nitrogen so small that the availability of gaseous nitrogen cannot be 
considered of practical importance. 

Numerous factors have been shown to affect the fixation of nitrogen 
by bacteria under experimental conditions. A few examples may be 
cited. 

1. Effect of Gaseous Pressure. It has been shown that gaseous 
pressure affects the fixation of nitrogen by various bacteria under ex¬ 
perimental conditions. With Azotobacter species it has been observed 
by Meyerhof and Burk (1928), Lineweaver (1932), and others that 
the respiration rate is greatest at oxygen pressures below^ that of air, 

1 Using radioactive nitrogen for the study of nitrogen fixation by nonleguminous 
plants, Ruben, Hassid, and Kamen (1940) observed that barley plants assimilate 
N 2 . Future studies along this line [see also Burris and Miller (1941) and Burris 
and Wilson (1942)] may reveal that nitrogen-fixation in nature is more general than 
has been supposed. 
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the maximum being at 10 to 15 per cent of O 2 and falling off sharply 
at lower and more gradually at higher pressures. In pure O 2 the 
respiration of Azotohacter was found to be only one-third to one-half 
that in air. However, maximum nitrogen fixation does not occur at 
this point but rather at 4 to 5 per cent of O 2 . Burk (1930) has shown 
also with Azotohacter that at 0.2 atm. of O 2 appreciable respiration and 
growth occur when the N 2 pressure reaches 0.05 atm. and attain a 
maximum between 0.5 and 1.0 atm.; between 0.05 and 0.5 atm. respira¬ 
tion and growth are approximately proportional to the N 2 pressure. 
The fixation of nitrogen by Azotohacter tdnelandii in culture is definitely 
inhibited by 0.2 per cent CO in air and is almost completely suppressed 
by 0.5 to 0.6 per cent. In the same range of CO concentration the as¬ 
similation of nitrogen supplied in the form of urea, ammonium, or 
nitrate ions, asparagine, aspartate, and glutaminate is not inhibited 
[Lind and Wilson (1942)]. 

A number of similar interesting experiments are available on the 
effect of gaseous pressure on symbiotic nitrogen-fixation processes 
[see Wilson, Umbreit, and Lee (1938), Wilson (1940)]. One of the 
most interesting points in this connection is that Wilson and his asso¬ 
ciates have shown that the partial pressure of N 2 can be lowered to 
about 0.1 to 0.15 atm. without a decrease in the quantity of N 2 
fixed by nodulated red clover plants inoculated with Rhizohium trifoliij 
provided that the nitrogen removed either is unreplaced or is replaced 
with helium or argon. If the N 2 is replaced with H 2 , however, the 
total quantity of N 2 fixed decreases linearly with the partial pressure 
of the N 2 of the atmosphere. Similar results are now also available 
with Azotohacter [Wyss and Wilson (1941)], Wyss, Lind, Wilson, and 
Wilson (1941)]. These results suggest that hydrogen may not be an 
inert gas in so far as nitrogen fixation is concerned, but rather may act 
as a specific inhibitor. This is apparently the first instance in which hy¬ 
drogen has been shown to be a specific inhibitor for biological reactions. 

2. Effect of pH. Although the maximum respiration of most 
Azotohacter species, in the presence of either free or fixed nitrogen, lies 
between pH 7.2 and 7.5 and falls to about 0 to 5 per cent of the optimum 
value at about pH 5.0 and 9.0 [Burk, Lineweaver, and Horner (1934)], 
other species have been described by Starkey (1939) which fix nitrogen 
at a pH as low as 2.9. The ability of Rhizohium species in symbiosis 
with legumes to fix nitrogen in soil solutions of different pH values 
varies with the species, but in general a reaction near neutrality is 
optimum with little nodulation or fixation occurring below pH 5.0 or 
above 8.0 [Wilson (1940)]. 

3. Effect of Fixed Nitrogen. Nitrogen fixation by Clostridium 
pasteurianum and Azotohacter species is inhibited by the presence of 
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fixed forms of nitrogen, such as ammonium or nitrate salts. In Azoto- 
bacteVf for example, inhibition is complete at concentrations above 0.6 
mg. of nitrogen per 100 ml. of medium [Burk and Lineweaver (1930)]. 
Certain concentrations of nitrate also interfere with nodule formation 
and depress nitrogen fixation in leguminous plants; however, the in¬ 
hibitory effects can be partially, but not completely, overcome by in¬ 
creasing the concentration of CO 2 in the air [Georgi (1936), Wilson 
(1940)]. 

4. Effect of Inorganic Elements. Besides sources of energy and 
nitrogen Rhizobium and Azotobacter species are known to require 
potassium, phosphorus, magnesium, sulfur, iron, calcium, and molybde¬ 
num for growth and optimum N 2 fixation. Various claims also have 
been made regarding the necessity of other elements, including copper, 
zinc, manganese, tungsten, silicon, vanadium, strontium, and iodine. 
Some information on the subject is presented in Chapter 7, and several 
excellent reviews are available [see Burk (1934), Steinberg (1938), 
Wilson (1940), Bortels (1940), Homer, Burk, Allison, and Sherman 
(1942)]. 

5. Effect of Other Factors. Numerous other factors have been 
found to influence the rate and extent of N 2 fixation. For example, 
Wilson and Wilson (1941) observed that such factors as purity of 
culture, size of inoculum, aeration, surface of medium, concentration 
of carbohydrate, and species all influence fixation by Azotobacter. Var¬ 
ious growth factors are also known to be needed by the Rhizobium 
species; this phase of the subject is discussed in Chapter 7. 

A great deal has been written in the past about the mechanism of 
nitrogen fixation by bacteria, but it has been only within the last few 
years that proposed schemes have been supported by carefully con¬ 
trolled experimental work. Although fixation by the root-nodule 
bacteria involves a system much more difficult to control than that 
of the nonsymbiotic nitrogen fixers, it is nevertheless the nodule system 
which has yielded the most information on the intermediate steps 
in the fixation process. However, as Virtanen and Laine (1939) and 
Wyss and Wilson (1941) have brought out, the mechanism of fixation 
by the symbiotic system is similar to, if not identical with, that of the 
fixation system in the free-living Azotobacter. A complete discussion of 
the work on this subject is not possible, but a few of Virtanen, Laine, 
and von Hausen's results may be briefly summarized because they 
are supported by considerable experimental work [see Wilson (1940), 
Burk and Burris (1941)]. Virtanen and his associates observed that, 
when cultures of legumes (pea) inoculated with the appropriate 
rhizobia were grown in sterile nitrogen-free media, the nodules excreted 
considerable amounts of soluble nitrogenous products. Furthermorq 
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it was foimd that over 90 per cent of the excreted nitrogen consisted 
of i-aspartic acid and /3-alanine, the /3-alanine arising from the i-aspartic 
acid by decarboxylation in addition to the two amino acids 1 to 2 
per cent of the excreted nitrogen was found to be in the form of oximi- 
nosuccinic acid. On the basis of these experiments and others not 
mentioned here the course of biological nitrogen fixation occurring in 
legume root nodules was expressed as follows: 

Na-► Unknown-yNHaOH—■ 

intermediates Hydroxylamlne 


bHOOC-C(NOH).CH,COOH —»• HOOC-CH(NH0-CH.COOH 

I Oximlnosncclnlc acid I-Aspartlc acid 

CJiiJO ,—»■ HOOC*CO-CH,-COOH-1 

Carbohydrate Ox'aloacettc acid 

How hydroxylamine is formed from atmospheric nitrogen has not 
been experimentally proved, but Virtanen and his associates put forth 
the hypothesis that a diimide is formed as a primary reduction product 
(N 2 —> HN: NH), which then forms hydroxylamine by the addition 
of two water molecules. The reduction of the nitrogen molecule, 
nitrogen fixation in a stricter sense, requires a specific enzyme which is 
found in the nitrogen-fixing bacteria. The reaction of hydroxylamine 
with oxaloacetic acid (arising from carbohydrate metabolism), how¬ 
ever, has been sho^vn to be a nonenzymatic process. On the other 
hand, the reduction of oximinosuccinic acid to i-aspartic acid is known 
to be an enzymatic reaction. It has not been discovered yet which 
compounds in the plant liberate the hydrogen required for the reduction 
reactions or which enzymes act in the reduction process. 

There is also considerable evidence that ammonia is an intermediate 
in the nitrogen-fixation reaction, although Virtanen and his associates 
do not believe it is of primary importance. However, as Wilson (1940) 
brought out, possibly both hydroxylamine and ammonia function as 
intermediates, depending upon the products of the respiratory metabo¬ 
lism of the organism involved. 

AMMONIA, HYDROXYLAMINE, NITROUS ACID, NITRIC ACID, 

AND THEIR SALTS 

Ammonia, Ammonia frequently appears as an end product bf 
microbial metabolism, arising from the deamination of amino acids 
and other compounds or from the reduction of nitrates and nitrites 

•In young cultures up to 76 per cent of the excreted nitrogen consisted of 
^•aspartic acid, whereas in older plants only 20 to 30 per cent of the nitrogen was 
aspartic acid; the remainder of the 90 per cent under each set of conditions con* 
sisted of /3-alanine. 
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[Woods (1938)], but in general ammonia is too toxic and too reactive 
a metabolite to remain in the cells of organisms in a free form. Micro¬ 
organisms produce at least two types of chemical changes in ammonia: 
( 1 ) the oxidation of ammonia either to nitrite by such autotrophic 
bacteria as those of the genera Nitrosomonas and Nitrosococcus (see 
Chapter 7) or possibly directly to nitrogen gas or to nitrate by other 
bacteria; and ( 2 ) the assimilation of ammonia by microorganisms, 
synthesizing it into amino acids and other complex nitrogenous sub¬ 
stances. All microorganisms probably make use of this second reaction 
to synthesize cellular constituents. Many bacteria, yeasts, molds, and 
green algae are capable of using ammonium salts as a starting material 
for cellular syntheses, whereas in other organisms, which are more 
fastidious in their nitrogen requirements, the ammonia may arise 
from the deaminization of such compounds as the amino acids and pu¬ 
rines and then be synthesized into new compounds, possibly through 
transamination reactions. Ammonia may take part also in certain 
biochemical cycles, such as the so-called ornithine cycle. 

Various reactions have been proposed to explain the mechanism of 
oxidation of ammonia to nitrite by the nitrifying bacteria. The over¬ 
all reaction for the process is usually written as follows: 

2 NH 3 + 3 O 2 2 HNO 2 + 2 H 2 O 

However, it is quite probable that several intermediates, such as hy- 
droxylamine (NH 2 OH) and hyponitrous acid (HNO) 2 , are formed 
during the course of the oxidation process [Kluyver and Donker 
(1926)]. 

The assimilation of ammonia by microorganisms may follow several 
alternate routes. One example may be similar to the reactions sug¬ 
gested by Fearon (1926) for the synthesis of amino acids: 

CO 2 + NH 3 HN:CO + H 2 O 

Cyanio 

acid 

Cyanic acid may then unite with an aldehyde, and by a reduction proc¬ 
ess the corresponding amino acid may be formed: 


H 

H 

NH 

H NH 2 

\ 

\ / \ 

+2H 

C=0 + NH -♦ 

C 

CO 


/ II 

/ \ / 


H CO 

Formaldehyde Cyanio 

aoid 

H 

0 

H COOH 

Qlycine 


Certain organisms, such as coli-aerogenes forms, utilize ammonia 
salts, such as NH 4 CI, when they are supplied as a sole source of nitro- 
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gen; but, when peptone nitrogen is also present, little or no ammonium 
chloride is consumed [Carpenter (1939)]. 

In general, ammonium chloride, ammonium sulfate, ammonium 
lactate, ammonium phosphate, and ammonium carbonate are good 
sources of nitrogen for green algae; in fact, Ludwig (1938) found that 
inorganic and organic ammonium salts were superior to nitrate as a 
source of nitrogen for Chlorella. 

Hydroxylamine (NH 2 OH). Hydroxylamine appears to play an 
important intermediate role in several metabolic reactions, but little 
is known concerning its ability to serve as a source of nitrogen for micro¬ 
organisms. It has already been stated that it is a likely intermediate 
in the nitrogen-fixation process by the root-nodule bacteria, and it has 
been detected on several occasions by various workers [see Lindsey 
and Rhines (1932), Aubel (1938), Woods (1938)] as an intermediate in 
the reduction of nitrates and nitrites to ammonia by Escherichia coli, 
Clostridium welchiiy and other bacteria. It does not appear to be 
utilized as a source of nitrogen by green algae; in fact, several workers 
have found it to be highly toxic for such organisms [see Ludwig (1938)]. 

Nitrous Acid and Its Salts* Microorganisms may reduce the 
nitrite ion to free nitrogen gas or to ammonia, or they may oxidize it 
to nitrate; both types of reactions are known to occur in nature and 
are of considerable importance in maintaining soil fertility. In general, 
the nitrite ion is utilized by the same organisms which assimilate 
nitrate; but it appears to be toxic at a much lower concentration than 
is nitrate [Ludwig (1938), Burk and Horner (1939), Tarr (1941)]. 

The mechanism involved in the reduction of nitrite to nitrogen gas 
has not been elucidated, but it has been postulated that it may occur 
by an interaction with amino compounds: 

HNO2 + R-NHa R OH + HgO + Na 

or by a process in which the nitrous acid is reduced through hyponitrous 
acid to nitrous oxide and then to nitrogen gas: 

2HNO2 (HN 0)2 N2O Na 

The steps in the process of reducing the nitrite ion to ammonia are 
not very well understood, but it appears probable that hydroxylamine 
is one of the intermediate products [Aubel (1938), Woods (1938)] and 
that the reaction is just the converse of that discussed for the oxidation 
of ammonia to nitrite. 

The oxidation of nitrous acid, or the nitrite ion, to nitrate by bacteria 
of the genus Nitrobacter takes place according to the following reaction: 

NaNOa + ^Oa NaNO* 
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The system capable of catalyzing this reaction is apparently not present 
in very many microorganisms. 

Nitric Acid and Its Salts. The nitrate ion is utilized by many 
species of bacteria, molds, and green algae as a source of nitrogen but 
is usually very unsatisfactory for the growth of yeasts. It is known also 
that certain bacteria, such as Azotobacter vinelandii [Lind and Wilson 
(1942)], require a period of adaptation before they can readily use 
nitrate nitrogen. In the presence of sufficient energy material bacteria 
and molds may utilize nitrate as a sole source of nitrogen, probably 
first reducing it to nitrite, then to hydroxylamine, and finally to 
ammonia in the process of assimilation. The ability of bacteria to 
reduce the nitrate ion to nitrite or to ammonia is commonly measured 
in the laboratory as one of the physiological characteristics for differ¬ 
entiating bacteria, and the factors governing the process have been 
studied by several workers [see Zobell (1932), Lindsey and Rhines 
(1932), Conn (1936), Yamagata (1938), Woo^ (1938), Randall and 
Reedy (1939)]. 

Certain autotrophic bacteria {Thiobacillus denitrificans) reduce 
nitrates to free nitrogen gas and oxidize sulfur to sulfate under anaero¬ 
bic conditions. The reaction for the process is usually written as fol¬ 
lows: 

6KNO3 + 5 S + 2CaC03 3K2SO4 + 2CaS04 + 2CO2 + SNg 

CYANOGEN COMPOUNDS (CYANIC ACID, THIOCYANIC ACID, 
CYANAMIDE, ETC.) 

The so-called cyanogen compounds have not been studied very 
extensively as a source of nitrogen for microorganisms; a few com¬ 
pounds will be mentioned here. 

Hydrocyanic Acid (HCN). This compound is not used by very 
many organisms as a source of nitrogen. In fact, only a few organisms 
are known to be able to alter this acid. For example, Aspergillus niger 
in a nitrogen-free sugar medium will oxidize HCN, sometimes 100 per 
cent being utilized if the mold is sufficiently starved for nitrogen: 

HCN + ^02 HCNO [Iwanoff and Zwetkoff (1936)] 

Powdered sulfur and sodium thiosulfate promote this conversion; in 
the presence of sulfur the formation of thiocyanate from the cyanide 
is also possible. 

Cyanic Acid (NC-OH). Cyanic acid is a very unstable com¬ 
pound and has not been studied as a source of nitrogen for micro¬ 
organisms. However, it has been postulated as an intermediate in the 
breakdown of urea to ammonia by certain organisms [see Fearon 
(1940)]. 



838 METABOLISM OP NITROGEN BY MICROORGANISMS 


Thiocyanic Acid (NC*SH) and Its Derivatives. Several early 
workers found that thiocyanates could be used as a source of sulfur 
and nitrogen, but not as a source of carbon for microorganisms. For 
example, Tanner (1918) foimd that ten out of thirty cultures of yeast¬ 
like fungi produced H 2 S from potassium thiocyanate. Later Happold 
and Key (1937) described an organism {Bacterium thiocyanoxidans) 
which is capable of using ammonium thiocyanate and nitrate as a sole 
source of carbon and nitrogen; the following reaction was given for the 
oxidation of thiocyanate: 

NH 4 CNS + 2 O 2 + 2 H 2 O (NH4)2S04 + CO 2 

This oxidation is thought to be due to an adaptive enzyme system. 

Cyanamide (NC-NH 2 or HN=C=NH) and Its Derivatives. 
Several microorganisms have been described which can utilize cyan- 
amide (or calcium cyanamide) as a source of nitrogen [Perotti (1908), 
Lohnis and Sabaschnikoff (1908), Cowie (1920)]. It is assumed that 
the compound is first broken down to ammonia, which is then assimi¬ 
lated by the organisms. The polymer of cyanamide, dicyanodiamide 
(C 2 N 4 H 4 ), is also used by certain bacteria as a source of nitrogen, but 
it is decomposed very slowly and no ammonia is formed. 

AMINES AND RELATED COMPOUNDS 

Although several early workers reported that certain bacteria 
utilize amines as a source of nitrogen, the first extensive study on this 
subject was made by den Dooren de Jong (1926, 1927), who employed 
forty-one amines and thirteen different bacterial species in his work. 
Den Dooren de Jong studied not the dissimilation products of the 
various amines, but rather their ability to support growth. Certain of 
his data are summarized in Table 1, pp. 840-841. 

Later Gale (1942) studied the oxidation of several amines by washed 
cells of Pseudommas aeruginosa. The oxidation of putrescine, cadaver- 
ine, agmatine, and benzylamine was complete; therefore the breakdown 
of these molecules corresponds to the equations: 

C 4 H 12 N 2 + 5 . 5 O 2 2 NH 3 + 4 CO 2 + 3 H 2 O 

Putrescine 

C 6 H 14 N 2 + 7 O 2 -♦ 2 NH 3 + 5 CO 2 + 4 H 2 O 

Cadaverine 

C«Hi 4 N 4 + 5.5O2 -» 4NH3 + 5CO2 + H2O 

Agmatine 

C7H9N + 8.5O2 NH3 + 7CO2 + 3H2O 

Bensylamine 
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Each of these oxidations was inhibited by 0.01 M semicarbazide or by 
0.0001 M cyanide. Histamine and tyramine were not oxidized to 
completion like these amines; rather they were oxidized incompletely 
by adaptive enzymes to ammonia and other products. 

Several common bacteria are known to be able to ferment glucoaor 
mine with ammonia, acid, or acid and gas production [Meyer (1913), 
Lutwak-Mann (1941)]; however, it is not used as a source of nitrogen 
by Chlorella but is assimilated by certain other green algae [see Ludwig 
(1938)]. Chitin, a polymer consisting of at least four acetyl glucosa¬ 
mine (CHa-CO-NH-CeHiiOs) units, is also decomposed by such 
bacteria as Bacillus chitinovorus, Bacillus chitinobacteTf Bacterium 
chitinophilumy and Bacterium chitinophagumf which are distributed 
widely in nature [see Benton (1935), Bucherer (1935), Stuart (1936), 
Zobell and Rittenberg (1938), Hock (1940, 1941)]. Certain of the 
chitinoclastic bacteria can derive their complete carbon or energy and 
nitrogen requirements from chitin. Some require supplementary car¬ 
bon compounds but can utilize nitrogen from chitin, whereas still 
others attack chitin only in the presence of simple carbon and nitrogen 
sources. Among the readily demonstrable products resulting from the 
decomposition of purified chitin by pure cultures of bacteria are am¬ 
monia and acetic acid; the formation of butyric acid and reducing 
substances by certain strains has also been reported. Zobell and Ritten¬ 
berg (1938) suggest that ammonia and acetic acid are formed as the 
result of the bacteria hydrolyzing the acetylated amino groups of the 
chitin molecule: 

—C—NH—CO CH 3 + 2 H 2 O —C—OH + NHs + CH 3 COOH 

I I 

The reaction probably takes place in two steps with acetic acid first 
being liberated, after which deaminization occurs; or it is possible that 
the carbon-nitrogen linkage is hydrolyzed first, thereby liberating 
acetamide (CH 3 CO-NH 2 ), which upon hydrolysis gives ammonia and 
acetic acid. The liberated ammonia is then probably assimilated by 
the bacteria. 

Indole. In 1921 Raistrick and Clark found that Pseudomonas 
aeruginosa and other bacteria can decompose the indole ring, and since 
then their observation has been confirmed with other bacteria [see 
Happold and Hoyle (1936)]. Also, Fildes (1940) observed that certain 
bacteria {Eberthella typhosa, Corynehacterium diphtheriae) which have 
been shown to require tryptophan for growth are capable of using indole 
in a concentration as low as 10~® M. From this fact he deduced that 
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TABLE 1 

The Assimilation of Amines by Bacteria * 

[From den Dooren de Jong (1926, 1927)] 
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CtHit-NHs 

+ ■■ heavy to food groi?th; (+) *• very good to moderate grov^; (—) » feeble growth but eomewhat better 
than oontrol; — extremely feeble growth or equal to control. Only + and (+) eigne indicate that the compounds 
ffere attacked. 

* Basal medium: Tap water with 3.0% agar, 0.1% KsHPOi, 1.0% glucose, 1.0% CaCOs, plus 0.1% of the listed 
compounds as the hydrochloride or chloride. Incubation: 6 days at 80*C. 
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TABLE 1 (Continued) 

The Assimilation op Amines by Bacteria * 


[From 
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Heptylamine, 

C7H,5NH2 
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HO.CH 2 CH 2 NH 2 
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(HO-CH2CH2)aNH 
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+ heavy to good growth; (+) » very good to modwate growth; (—) » feeble growth but somewhat better 
than control; — » extremely feeble growth or equal to control Only + (*f) signs indicate that the cmnpounds 

were attacked. 

* Basal medium: Tap water with 2.0% agar, 0.1% K 8 HPO 4 , 1 . 0 % glucose, 1.0% CaCOs, plus 0.1% of the Hsted 
compounds as the hydrochloride or chloride. Incubation: 6 days at 30*0. 
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TABLE 2 

The Assimilation of Amides and Imides by Bacteria * 

[From den Dooren de Jong (1926)] 


Amides and Imides 
Formamide. 

HCONHa 

Acetamide. 

CH 8 CO-NH 2 

Propionamide, 

CH 3 CH 2 CONH 2 

But}rraimde, 

CH8(CH2)2C0-NH2 
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4- (+) 4- 4- 4- + 4- 4- 4- 4- (~) 4- 4* 

(-) - 4- 4- (4-) (4-) 4- (4-) 4- - (-) (4*) - 


4- heavy to good growth; (4-) very good to moderate growth; (<-) «■ feeble growth but somewhat better 
than control; <— » extremely feeble growth or equal to oontrcd. Only 4* and (4-) ngns indicate that tiie oonmounds 
were attacked. 

* Basal medium: Tap water with 2.0% agar, 0.1% KsHPOi, 1.0% glucose, 1.0% CaCOi, plus 0.1% of the listed 
compounds. Incubation: 5 days at 80*C. 
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With the exception of asparagine and urea, the amides, imides, and 
amines are not readily utilized as a source of nitrogen by yeasts [Burk 
and Homer (1939)]. Certain amides such as acetamide are a good 
source of nitrogen for Chlorella and other green algae, but they are not 
assimilated by some of the blue-green algae [see Ludwig (1938)]. 

UREA, GUANIDINE AND CREATINE, PURINE, PYRIMIDINE, 

AND THEIR DERIVATIVES 

A number of biologically important compounds can be allocated to 
this general class of substances. For example, urea is one of the most 
widely distributed of the biological nitrogen compounds; creatine and 
its derivatives are also widely distributed and play very important 
roles in several metabolic processes; and the purines and pyrimidines 
are constituents of the nuclear material of every living cell. 

Urea and Its Derivatives. Quite a number of microorganisms are 
capable of utilizing urea as a source of nitrogen (see Table 3); in fact, 
they are chiefly responsible for the decomposition of urea in nature. 
The literature dealing with the decomposition of urea by microorgan¬ 
isms is rather extensive and has been reviewed by several workers dur¬ 
ing the past several years [see Rubentschik (1925-1926), Mischoustin 
(1932), Gibson (1934-1935), Sakayuchi and Shizume (1937), Wohlfeil 
and Weiland (1937), Utzino, Imaizumi, and Nakayama (1938), Ludwig 
(1938), Burk and Homer (1939), Rustigian and Stuart (1941), Schulte 
and Thompson (1941), White and Hill (1941)]. Even though many 
species of bacteria, yeasts (Torula and Schizosaccharomyces)^ and green 
algae (Chlorella) utilize urea as a source of nitrogen, one group of 
bacteria, sometimes called the urobacteria, exhibit strong uroclastic 
abilities. Both cocci and rod-shaped bacteria belong to this group, and 
they are quite widespread in nature. 

The ability of various bacteria and other microorganisms to attack 
the many urea derivatives has not been studied very extensively. 
Utzino, Imaizumi, and Nakayama (1938), however, found that ethyl- 
and dimethylurea were very slowly attacked by Bacillus subtiliSf 
Proteus vulgaris, Serratia marcescens, and Pseudomonas aeruginosa, 
but that thiourea and bromural were not utilized by these or other 
organisms as a source^of nitrogen. Biuret was used by P. vulgaris, E. 
coli, and Staphylococcus aureus and cyanuric acid by B, subtilis and 
E. coli; allantoin was attacked by all these species as well as by S. mar-' 
cescens and Ps. aeruginosa. Mitchell and Levine (1938) observed that 
species of the genus Aerobacter utilize allantoin and hydantoin as a 
source of nitrogen and that this fact can be used to help separate such 
species from those of the genus Escherichia and from the intermediates. 
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Very little is known concerning the mechanism of urea breakdown 
by bacteria, except that ammonia is liberated in the process. It may 
be that the changes occurring in the urea-bacteria urease system are 
the same as those described by Fearoii (1936) or others for urease from 
other sources; but this hypothesis remains to be proved. 

A study on this subject in which bacteria are used is needed before we 
can actually say that bacterial urease is the same as the enzyme from 
other sources. 

Guanidine and Creatine. Several bacteria [see Table 3 and 
Bierema (1909)], molds of the genera Aspergillus, Penicillium, Mucor, 
and Rhizopus [Iwanoff and Awetissowa (1931), Chrzaszcz and Zako- 
momy (1934)], and green algae (Chlorella) are known to use guanidine 
as a source of nitrogen; but it has been reported to be toxic for species 
of Spirogijra [see Ludwig (1938)]. It is thought that certain of these 
organisms convert the guanidine to urea and NH 3 : 

NH 2 NH 2 

I I 

C=NH + H 2 O C=0 + NH 3 

I I 

NH 2 NH 2 

and that the urea accumulates while the ammonia is assimilated, 
whereas in other organisms the urea is further decomposed. 

Several bacteria are kno^^^l to be able to utilize creatine or creatinine 
as a source of nitrogen in their metabolism or to decompose it under 
various conditions [see Table 3 and Ackermann (1913-1914), Linneweh 
(1930), Dubos and Miller (1937), Miller, Allinson, and Baker (1939), 
Allinson (1940), Krebs and Eggleston (1940), and Bodansky, Duff, 
and McKinney (1941)]. The best-known organism which is capable 
of attacking creatine and creatinine is Corynebacterium ureafaciens,*^ 
and, according to Krebs and Eggleston (1940), these compounds are 
almost quantitatively converted to urea, with a very small amount of 
the nitrogen being used for growth of the bacterium. Linneweh (1930) 
has also studied the breakdown of creatinine by bacteria. He believes 
that certain putrefactive bacteria change creatinine first to methyl 
hydantoin with the elimination of ammonia and then, by prolonged 
putrefaction, to sarcosine (methylglycine). 

Purine and Pyrimidine Derivatives. Certain purine and pyrimi¬ 
dine derivatives are extremely important biological compounds, but 
they have not been studied very extensively from the standpoint of 
microbial metabolism. 

* This organism is listed as Corynebacterium creaJtinovorans by the American Typ© 
Culture Collection. 
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TABLE 3 

The Assimilation of Urea, Guanidine, and Purine Derivatives by Bacteria ♦ 

[From den Dooren de Jong (1926) 


Urea, Guanidine, and Purine Derivatives 
Urea, 

H 2 NCONH 2 

Metl^lurea, 

^N«CO*NH(CH,) 

Et^lurea 

ftN-CONHCCsHs) 

Diethylurea, 

-(CsH#)] 



. KC 

Diethylui 


i)HNCO-NH(C 2 H 6 ) 

ylurea, 

«yni-H^*CO-N(C2H5)2 
Tetraethylurea, 
(C2H6)2N-CO-N(C2Hfi)2 
Diphenylurea, 

«ym.(C6H6)HNCONH(CeH6) 

Diphenylurea. 

<in^H2N-CO-N(G«H6)2 

Thiourea, 

X .C 8 NH 2 
Ithiourea, 

«Viii-(C2H6)HN-CS-NH(C2Hfi) 

Biuret. 

H 2 NCONHCONH 2 

Guanidine, 

HN:C(NH 2)2 


HN;C(NH 2 )NH-NH 2 

Creatine, 

HN:C(NH2)N(CH8)CH2C00H 

Creatinine, 

NH-, 

HN:C< I 

^N(CH2)-CH2C0 


SC-NH-(CH 2 ) 8 -CH(NH 2 ) COOH 

Parabanio add, 

yNH-^O 

Alloxan, 

yNH~CO 
OC< >CO 

\nh~c 6 

AUozantine, 

/NH-CO 

OC< >C~OH 

^NH-CO \ 

OH P 


+ 

(+) 

+ 

■f 

•f 

4 

4 

(4) 

4 

- 

4 

4 

4 

(-) 

- 

+ 

+ 

(-) 

(4) 

4 

(-) 

(4) 

- 

(4) 

(4) 

- 

- 

- 

+ 

+ 

(~) 

(4) 

4 

(4) 

(4) 

- 

(-) 

(-) 

(-) 

(-) 

(~) 

+ 

+ 

(-) 

(-) 

4 

(-) 

(4) 

- 

(4) 

(-) 

(-) 

(+) 

(-) 

(-) 

+ 

(4) 

(-) 

(4) 

(“) 

4 

- 

4 

(4) 

(-) 

(-) 

(-) 

(+) 

4- 

t+) 

(4) 

4 

(“) 

(-) 

- 

(4) 

(-) 

- 

(-) 

- 

+ 

+ 

(~) 

(4) 

4 

(-) 

(4) 

- 

(~) 

(4) 

(~) 

(-) 

(-) 

(+) 

+ 

(-) 

(4) 

4 

(-) 

(4) 

- 

(~) 

(4) 

(~) 

- 

- 

(+) 

+ 

- 

(-) 

4 

(“) 

(4) 

- 

(~) 

(-) 

(~) 


- 

(+) 

+ 

(-) 

(“) 

4 

(4) 

(4) 

- 


- 

(-) 

(+) 

- 

(-) 


4 

(-) 

4 

(-) 

4 

(4) 

(-) 

(-) 

4 

- 

(-) 

+ 

+ 

(~) 

(4) 

4 

(-) 

4 

- 

- 

(4) 

- 

(-) 

(-) 

- 

+ 

(-) 

4 

4 

(-) 

(4) 

(-) 

- 

- 

- 

(-) 

- 

+ 

+ 

(-) 

4 

4 

(-) 

(4) 

- 

(-) 

(-) 

(-) 

(-) 

(-) 

+ 

+ 

(-) 

4 

4 

(4) 

(-) 

~ 

(4) 

4 

(-) 

+ 

+ 

+ 

+ 

4 

4 

4 

4 

4 

- 

4 

4 

4 

+ 

-- 

+ 

+ 

4 

(4) 

4 

4 

4 

(4) 

4 

4 

4 

(+) 

(-) 

+ 

+ 

4 

4 

4 

(4) 

4 

(-) 

4 

4 

4 

+ 

(-) 



4 

4 

4 

(~) 

4 


4 

4 

4 


-"H/ 




+ ■■ heavy to good growth; (+) * very good to moderate growth; (—) * feeble 9 *o^h but somewhat better 
than control; — «« extremely feeble growth or equal to control. Only + and (+) signs indicate that the compounds 
were attadced. 

e Basal medium: Tap water with 2 . 0 % agar, 0.1% E 2 HP 04 ,1.0% glucose, 1.0% CaCOa, plus 0.1% of the listed 
eompounds. Incubation: 6 days at 30*^0. 
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TABLE 3 {Ctmimued) 

The Assimilation of Urea, Guanidine, and Purine Derivatives by Bacteria ♦ 

[From den Dooren de Jong (1926)] 


i 


«• 8 

I & 


I I 
^ 1 


•s. 

I 


(-) (-) + + (-) + + (+) (+) - (+) (+) (-) 

+ - (+) + (-) (+) + (-) (-) - (-) (-) - 


Urea» Guanidine, and Purine Derivatives 
Barbituric acid, 

/NH-CO 

Thiobarbituric acid, 

/NH—CO 

Violuric acid, 

/NH-CO 

0C< >C:NOH 
^NH-CO 
Allantoin, 

/NH—CH—NCONH2 

Guanine 
( 2 *amino- 6 -oxy> 
purine) 

Xanthine 
( 2 . 6 -dioxypurine) 

Unc acid 

( 2 , 6 , 8 -triojypurine) 

Theobromine I n i _ 

(3,7-dimethyl-2,6- | |L J „ 

diox^urine) 

Theophylline . _ . 

(l,3-dimethyI-2,^ I 

dioxypuriiie) 

Caffeine 

(l,3,7-trimethyl-2,6- 
dioxypurine) 

+ = heavy to good growth; (+) = very good to moderate growth; (—) « feeble ^owth but smnewhat better 
than control; — = extremely feeble growth or equal to control. Only -f- and <-f-) signs indicate that the compounds 
were attacked. 

* Basal medium: Tap water with 2.0% agar, 0 . 1 % K 2 HPO 4 , 1.0% glucose, 1.0% CaCOs, plus 0.1% of the listed 
compounds. Incubation: 5 days at 30°C. 
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+ 
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+ 
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(+) 

+ 
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(-) 

+ 
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+ 

+ 

+ 

+ 

+ 

+ 
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(-) 
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+ 

(+) 
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(+) 

+ 

(+) 
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(-) 

(+) 

- 

(+) 

(+) 

(+) 

- 

- 

+ 

+ 

(+) 

(+) 

+ 

(+) 

(+) 

- 

(-) 

(“) 

(-) 

- 

- 

(-) 

(•f) 

(-) 

(““) 

(+) 

(-) 

(+) 

- 

(-) 

(-) 

(-) 

— 

— 

(+) 

+ 

(-) 

(-) 

+ 

(+) 

(-) 

— 

(~) 

(-) 

— 


The biological purines are simple amino, hydroxy, or methyl de¬ 
rivatives of a parent purine ring: 

N—CH 


HC2 sC—NH 

\ 


i I: 

N- C—b 


sCH 


This ring does not occur free in nature. The amino purines, represented 
by adenine (6-aminopurine) and gtianine (2-amino-6-oxypurine), are 
components of cellular nucleic acids and nucleosides. The hydroxy 
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purines, hypoxanthine ( 6 -ox 3 T)urine) and xanthine ( 2 , 6 -dioxypurine), 
occur in the tissues of many plants and animals; uric acid ( 2 , 6 , 8 -trioxy- 
purine) is also widely distributed in natme, especially as a nitrogenous 
excretory product of birds and snakes. The methyl purines, such as 
caffeine (1.3,7-trimethyl-2,6-dioxypurine), are the characteristic alka¬ 
loids of tea, coffee, and cocoa. 

The decomposition of adenine compounds by several bacterial species 
was studied in some detail by Lutwak-Mann (1936). The following 
compounds were utilized in either an aerobic or anaerobic environment: 
adenosine triphosphoric acid, adenylic acid, adenosine, and adenine. 
The first and second compoimds were both deaminated and dephos- 
phory’ated, whereas the third and fourth were only deaminated; one 
of the end products of decomposition was hypoxanthine. Guanine is 
utilized aerobically by some species of yeasts and certain bacteria 
(see Table 3); xanthine is usually formed, but it may also be broken 
down into smaller units by certain organisms. The anaerobic decom¬ 
position of guanine has. been studied by Barker and Beck (1941), using 
the anaerobes Clostridiuin acidi-urici and Clostridium cylindrosporum. 
Their data show that the intermediate compounds known to be involved 
in the breakdown of guanine by animal and plant tissues and by aerobic 
microorganisms are not included in the dissimilation processes of these 
anaerobic bacteria which produce acetic acid, ammonia, and carbon 
dioxide. Xanthine is utilized as a source of nitrogen by certain bacteria 
(see Table 3), but little is known about the mechanism of its break¬ 
down. Uric acid serves as a source of nitrogen for certain bacteria, and 
this fact can be used to differentiate between Aerdbacter aerogenes and 
Escherichia coli, since most strains of A. aerogenes can use the com¬ 
pound, whereas E. coli cannot [Koser (1918), Mitchell and Levine 
(1938)]. Uric acid and some of its derivatives are very poor sources of 
nitrogen for most yeasts [Burk and Homer (1939)], but such compounds 
serve as a ready source of nitrogen for many, but not all, green algae 
[Ludwig (1938)]. Nothing is known, however, about the reactions in¬ 
volved in the metabolism of these compounds by algae. 

At least four pyrimidine bases are knoAvn to be components of nucleo- 
proteins; each is derived from a parent pyrimidine ring: 

N=CH 
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Thia ring is not found free in nature. Uracil (2,6-dioxypyrimidine), 
thymine ( 6 -methyl- 2 , 6 -dioxypyrimidine), cytosine ( 2 -oxy- 6 ^mino- 
pyrimidine), and S-methylcytosine are the best-known biological pyrim¬ 
idine bases. The various pyrimidine bases do not occur only as 
essential components in nucleoproteins; the pyrimidine ring is also a 
part of the structure of vitamin Bi (thiamin) and the coenzyme, co¬ 
carboxylase. Concerning the fate of the pyrimidine bases in microbial 
metabolism very little is known. However, since the pyrimidines are 
quite reactive and readily imdergo reversible oxidation, it is probable 
that they participate in the intense metabolism that is characteristic 
of nuclear material. The role the pyrimidine bases play in microbial 
nutrition was discussed in Chapter 7. 

AMINO ACIDS 

The broad definition of an amino acid as any organic acid which 
has one or more substituent amino groups covers a large number of 
compounds. However, the term amino acid is used today in a limited 
sense and usually includes only those substances which are constituents 
of proteins. The number of amino acids so far isolated from proteins 
is about fifty, but of these only about eighteen to twenty-five are 
accepted generally to be structural units of any given protein. 

Chemically, the majority of the biologically important amino acids 
are a-amino acids; that is, the —NH 2 group is attached to the carbon 
atom adjacent to the terminal carboxyl group, R'C*COOH, where R 

I 

NH 2 

represents an aliphatic, aromatic, or heterocyclic radical. According 
to Vickery (1941), the amino acids may be classified into four groups 
on the basis of our present chemical knowledge concerning their pres¬ 
ence in proteins: 

I. Amino acids which are known to be present in variable amounts in the 
hydrolysates of most proteins. 

1 . Glycine 10. Arginine * 

2 . Leucine * 11. Histidine * 

3. Tyrosine 12. Valine * 

4. Serine 13. Proline 

6 . Glutamic acid 14. Tryptophan * 

6 . Aspartic acid 15. Hydrox 3 rproline 

7. Phenylalanine * 16. Isoleucine * 

8 . Alanine 17. Methionine* 

9. Lysine * 18. Threonine * 
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II. Amino acids that occupy a special position because of their narrow 
range of distribution or for other reasons. 

1. Thyroxine (thyroid-gland protein) 

2. Diiodotyrosine or iodogorgoic acid (thyroid-gland protein and 
skeleton protein of certain marine organisms) 

3. Dibromotyrosine (skeleton of Primnoa l&podijera) 

4. Norleucine (spinal-cord protein) 

6 . Cystine (universally distributed) 

6 . Cysteine (some evidence for its presence in a few proteins) 

7. Hydroxyglutamic acid (existence in proteins doubted by some 
workers) 

8 . Lanthionine (wool) t 

9. jS-Alanine f 

III. Amino acids known as plant constituents that may possibly be expected 
to be found in proteins. 

1. Thiolhistidine (in ergot as betaine ergothioneine; in blood) 

2. Dihydroxyphenylalanine (in bean seedlings; probably widely dis¬ 
tributed) 

3 . Citrulline (watermelon tissue; probably of metabolic significance 
in urea formation in animals) 

4. Canavanine (certain beans) 

5. Djenkolic acid (Djenkol bean) 

IV. Amino acids for which claims have not been substantiated. 


1 . Aminobutyric acid 

2 . Hydroxyvaline 

3. Hydroxylysine 

4. Norvaline 

6 . Diaminoglutaric acid 

6 . Diaminoadipic acid 

7. Hydroxyaspartic acid 

8 . Dihydroxydiaminosuberic 
acid 

9. '^Caseianic acid'^ 

10 . “Caseinic acid^’ 

* Essential amino acids for animals. 

t Lanthionine and /^alanine are placed here provisionally. 

It is quite probable that microorganisms are in existence which are 
capable of breaking down all the amino acids in this classification, but, 
since some of these compounds are of doubtful nature or are unavail¬ 
able, they have not been tested. Of the twenty-five more common 
amino acids, however, several have been studied rather extensively 
from the standpoint of microbial decomposition, and much of our 


11 . Prolysine (a-amino-c- 
hydantoincaproic acid) 

12 . Hyphasamine (C 16 H 24 O 6 N 2 ) 

13. Dodecandiaminodicarbox- 
ylic acid 

14. Base (C 4 H 11 O 3 N) 

15. Protoctine (CgHisOaNs) 

16. Diaminotrihydroxydode- 
canic acid 

17. Hydroxytryptophan 
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present information concerning the organisms which utilize them and 
their decomposition products is summarized in Table 4. 

Several factors govern the ability of microorganisms to attack amino 
acids. For example, the chemical nature of the group represented by 
R in the general amino acid formula R-CHNH 2 -COOH may deter¬ 
mine to what extent an amino acid is decomposed; the pH, oxygen 
supply, carbohydrate content, presence of coenzymes, buffering ca¬ 
pacity, and the time and temperature of incubation of the inoculated 
medium may markedly influence the process; the species or some¬ 
times even the strain of microorganism and the quantity of the inocu¬ 
lum are also important governing factors. 

The method by which an amino acid is attacked by the enzymes of 
microorganisms may vary considerably; in general, however, the chemi¬ 
cal reaction involved may be allocated to one of the four following 
groups [Gale (1940)]: 

A. Deamination, or removal of the amino group from the a-position. 

B. Decarhoxylalion, or removal of the carboxyl group. 

C. Deamination accompanied by decarboxylation, 

D. Breakdown of the amino acid into smaller units by routes other 
than deamination and decarboxylation, or by unspecified or unknown 
mechanisms. 

These groups will now be discussed separately in more detail. 

A, Deamination, or Removal of the Amino Group from the 
a-Position of the Amino Acid 

Many bacteria possess an enzyme system (deaminase) which cat¬ 
alyzes the deamination of various amino acids; in some bacteria this 
system may actually consist of more than one enzyme, because it is 
known that in certain instances the deamination takes place in two 
steps, and a separate enzyme may be responsible for each. 

Several factors influence the deaminase activity of bacteria. For 
example, Gale (see 1940 review) has shown that the period of maximum 
, activity of various bacteria coincides with the cessation of active cell 
division during the population cycle, that the gaseous environment is 
important, and that most organisms exhibit optimum deaminase 
activity between pH 7.5 and 8.0. It is also known that deamination 
may be accomplished in several ways, with each resulting in a different 
product and in ammonia. The six most important of these ways will 
now be outlined: 

1 . Oxidative Deamination to Form a Keto Acid and Ammonia 


R CHNH 2 COOH + \02 R CO-COOH + NHa 
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Examples of bacteria which deaminate amino acids by a reaction of 
this type are shown in Table 4, together with references and some 
other pertinent data. Certain of the bacterial deaminases which cat¬ 
alyze reactions of this type are known to require one of the pyridine 
coenzymes for their activity; this fact suggests that the enzynne in¬ 
volved is a dehydrogenase. For example, Adler and his associates 
(1938) extracted an enzyme from Escherichia coli which reduced methyl¬ 
ene blue in the presence of glutamic acid and coenzyme II (TPN); 
they bdieved that the oxidation occurred in two steps, both of which 
were reversible: 


Glutamic acid Coenzyme II ^ 

Iminoglutaric acid -t- Reduced coenzyme II 


Iminoglutaric acid -|- H 2 O Ketoglutaric acid + NH 3 
Reduced coenzjune II —» Coenzyme II + H 2 O 

These equations may also represent one way in which amino acids 
are synthesized by various cells from nonamino compounds. Klein 
(1940) has shown that washed suspensions of Hemophilus parain- 
fiuenzae oxidize aspartic acid and glutamic acid with the liberation of 
ammonia and carbon dioxide and the formation of acetic acid. The 
course of the oxidation of aspartic acid was thought to be as follows: 


COOH 


COOH 


HCNH2 io CO 

1 1 

HCH HCH 

iooH iooH 

+ 

NH 3 


CHO 


(« 


i 


iOt 


Ha 

+ 

2 CO 2 


(c) 


^ CH 3 COOH 


Reactions (a) and (c) required the presence of coenzyme I or II (the 
exact requirement not being established) and suggested that the first 
step in the breakdown of this dicarboxylic amino acid by H. parain- 
fliiemae was an oxidative deamination probably proceeding in stages 
similar to those elucidated by Adler and his coworkers. 

2 . HYDBOLYno Deamination to Give a Htdeoxy Acid and Am¬ 
monia 


R CHNH 2 COOH + H 2 O -♦ R CHOH COOH -f NHs 

The literature contains several references (see Table 4) to hydroxy 
acids being isolated from bacterial growth experiments involving ceiv 
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tain amino acids., However, according to Gale (1940), the only 
positive demonstration of a cell-free hydrolytic deaminase in bacteria 
has been accomplished by Virtanen and Erkama (1938). 

3. Reductive Deamination to Yield a Saturated Fatty Acid 
AND Ammonia 

R-CHNHaCOOH + 2H R CHs-COOH + NH3 

The microbial production of saturated fatty acids from corresponding 
amino acids in culture media has been reported by various workers 
(see Table 4), but the process has not been studied very extensively. 

4. Desaturation Deamination at the a-, ^-Positions to Give 
AN Unsaturated Fatty Acid and Ammonia 

R CHNH2 COOH R CHiCH COOH + NH3 

Several bacteria have been studied which are capable of catalyzing 
this type of reaction, either when they are grown in media containing 
the amino acids or in cell-free extracts [Gale (1940)]. Examples of 
bacteria will be found in Table 4. It is of interest to note that the 
rate of the desaturation deamination reaction of aspartic acid by 
Escherichia coli is greatly increased by the presence of small amounts 
of adenosine or inosine [Gale (1938)]. 

5. Mutual Oxidation-Reduction between Pairs of Amino 
Acids to Form a Keto Acid, a Fatty Acid, and Ammonia 

Ri-CHNHa-COOH + R2 CHNH2 COOH + H2O 

Ri-COCOOH + R2CH2COOH + 2NH3 

This type of transformation is sometimes spoken of as the Stickland 
reaction, and it apparently plays a very important role in the normal 
metabolism of certain anaerobic bacteria where oxygen is not utilized 
as a hydrogen acceptor. In such a reaction certain amino acids are 
activated and serve as hydrogen donators, and others as hydrogen 
acceptors, so that coupled reactions take place between pairs of them, 
resulting in their deamination. As a result of studies by Stickland 
(1934-1936), Woods (1936), Hoogerheide and Kocholaty (1938), 
Clifton (1940), and others, it has been found that the following amino 
acids act as hydrogen donators for various bacteria: the natural 
isomers of alanine, valine, leucine, phenylalanine, cysteine, serine, 
histidine, aspartic acid, and glutamic acid; the following act as hydro¬ 
gen acceptors: glycine, proline, hydroxy proline, ornithine, and ar¬ 
ginine. 
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6 . Unclassified Deamination Processes Which Yield Ammonia 
AND Other Unidentified Products 

Several reports have appeared in the literature which state merely 
that various bacteria produce ammonia and other products from 
amino acids. Although a deaminase is undoubtedly involved in such 
breakdowns, it is difficult to assign these studies to one of the fore¬ 
going groups. Thus they will be listed provisionally under this general 
heading imtil further studies are available so that they can be properly 
classified. 

B, Decarboxylation, or Removal of the Carboxyl Group from 
the Amino Acid 

The ability of bacteria to form amines during putrefaction has been 
known for a number of years, but it has been only comparatively re¬ 
cently that quantitative methods and the factors governing the process 
have been studied [see Eggerth (1939), Gale (1940), Gale and Epps 
(1944), Epps (1944)]. Examples of bacteria which are capable of de¬ 
carboxylation or elimination of CO 2 from amino acids are listed in Table 
4; the general reaction involved may be written as follows: 

R-CHNHa -COOH R CH 2 NH 2 + CO 2 

where R has its usual significance. The process has usually been studied 
by isolating the amine, by measuring the production of CO 2 , or by 
both methods. 

Several early workers reported that amine production by micro¬ 
organisms is influenced by a variety of conditions, such as the presence 
of the proper medium, the pH of the substrate, and the temperature of 
incubation of the culture. Later Gale (1940) studied in some detail the 
factors influencing the bacterial decarboxylation of amino acids and 
observed the following: 

a. The decarboxylase activity of a washed suspension of bacteria 
toward any given amino acid varies with the age of the culture from 
which the suspension is prepared; young cultures have little activity, 
but activity increases during active cell division and reaches a maximum 
as growth ceases. 

b. The decarboxylases are formed in response to acid growth.con¬ 
ditions; the lower the pH during growth, the more active the washed 
suspensions obtained; the fact that the optimum pH is below 5.5 in 
every case and below 4.5 in most cases indicates that the amino acid 
can be attacked only when it possesses an undissociated carboxyl 
iroup. 
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c. Oxygen has no effect on the decarboxylation reaction, with the ex¬ 
ception of the glutamic acid decarboxylase of Clostridium perfringens, 
which is partially inhibited by the presence of oxygen. 

d. There is evidence that the decarboxylases require a coenzyme 
or coenzymes for their action, but these have not been fully identified; 
the coenzyme is not cocarboxylase [see Gale and Epps (1944), Epps 
(1944)]. 

At present it is difficult to assign any function to the amino acid 
decarboxylases of microorganisms, but, as Hanke and Koessler (1924) 
and Gale (1940) have pointed out, the decarboxylation mechanism 
may serve as a protective mechanism or “buffer,” in that the organism 
resorts to it when the accumulation of H ions within the organism's 
protoplasm is incompatible with its normal life functions. Instead, 
since microbial deaminases are inactive and carbohydrates are only 
slowly attacked at pH values lower than 5, the production of decar¬ 
boxylases may be a method by which the organism extends its range of 
existence, that is, by utilizing amino acid decarboxylation when other 
substrates and methods of attack are no longer available. A third 
possibility is that the decarboxylases may serve the purpose of provid¬ 
ing CO 2 , which is essential for the growth of many bacteria. 

C. Deamination Accompanied by Decarboxylation 

In several reports it has been stated that deamination and decar¬ 
boxylation of amino acids by microorganisms may take place simul¬ 
taneously, following one of these three chemical reactions: 

1. Hydrolytic deamination and decarboxylation resulting in the 
formation of a primary alcohol, NH3, and CO 2 : 

R.CHNH2 COOH + H2O R CH2OH + NH3 + CO2 

2 . Reductive deamination and decarboxylation with the formation 
of a hydrocarbon, NH3, and CO 2 : 

R CHNH2 COOH + 3 H R CH3 + NH3 + CO2 

3 . Oxidative deamination and decarboxylation yielding a fatty 
acid, NH3, and CO 2 : 

R CHNH2 COOH + H2O + 20 

RCOOH + NH3 + CO 2 + H 2 O 

However, it has been pointed out by Gale (1940), who determined 
the pH activity values of Escherichia coli glutamic acid deaminase and 
decarboxylase, that the optimum pH values for these two enz 3 nnes 
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from the same organism are widely separated and on opposite sides of 
neutrality. Furthermore, the decarboxylase is active over such a re¬ 
stricted range that there is no pH at which both enzjunes are effectively 
active tc^ether. It is not possible to say whether this case, the only 
one for which complete data are available at present, is representative 
of deaminases and decarboxylases in general. It is significant, how-- 
ever, that all the deaminases so far studied exhibit optimum activity 
at pH 7.6 to 8.0, whereas all the decarboxylases have optimal pH 
values at or below 5.0; this fact may mean that for decarboxylation to 
occur the —COOH group must be imdissociated, and for deamination 
the —^NHa"*’ group must be undissociated. Therefore it seems quite 
probable that bacteria cannot attack amino acids by both deamination 
and decarboxylation simultaneously. Those experiments on record, 
in which yeast and a few bacterial species were used and deamination 
and decarboxylation occurred, usually lasted over several days and 
were carried out in culture media in which considerable changes in pH 
could occur because of the metabolic activities of the growing organ¬ 
isms. Thus it is quite' possible that deamination and decarboxylation 
occmr at separate times during incubation rather than simultaneously. 

D. Breakdown of the Amino Acid into Smaller Units by Routes 
Other Than Deamination and Decarboxylation or by Un¬ 
known Mechanisms 

A number of studies have appeared in the literature in which the 
authors state merely that, when various individual amino acids are in¬ 
corporated in media, they are attacked or that gas (NH 3 , CO 2 , or H 2 ) 
is formed from them by the action of microorganisms; in many of these 
experiments no attempt was made to isolate and identify the impor¬ 
tant end products formed after the incubation period. Also several 
workers have showed that because of the nature of the amino acid 
breakdown the course of the process caimot be allocated to one of the 
three main groups (A, B, and C) just described, especially when the 
decomposition is primarily concerned with a rupture of the ring 
structure of such amino acids as tryptophan and tyrosine. Thus all 
such studies cited in Table 4 have been grouped imder this general 
heading imtil more information is available so that they can be prop¬ 
erly classified. 

Metabolism of the Individual Amino Acids. Each amino acid 
listed in Table 4 has its own metabolic history in so far as microorgan¬ 
isms and other cells are concerned, but few of these are known in more 
than outline form. It is generally assumed that the essential amino 
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acids are in some way synthesized into cellular proteins and other 
constituents. Since many of these compoimds, however, can be con¬ 
verted to glucose and other carbohydrate units in higher animals, 
it is probable that similar conversions also occur in microorganisms 
under various conditions; such a change provides a link between protein 
and carbohydrate metabolism in the organism. 

The metabolic outline of a few amino acids will now be discussed. 

Glycine. With few exceptions it is not necessary to supply bacteria 
with this amino acid for optimum growth, and it is likewise nonessential 
to higher animals; therefore such organisms as require glycine can 
synthesize it. As Fig. 1 indicates, it is possible for glycine to be con¬ 
verted into several different compounds by bacteria and other tjqies of 
cells; it may therefore have considerable metabolic significance. 


Substitution or 
Condensadm Derivatives 


Hippurio acid ^ 
(Benzoyl glycine) 

GlycochoUc acid 


y 


..CHiCOOH 
^ Gxjcine^ 



BreakdownJProdueta 

a. Deandnatlon: 

CH'COOH (Olyoxylic acl^a) 
ICHgCOOH (Acetic acid) 

'cb.cho_- 

OH (Cllucoae) 

(aiycoUc 

aldehyde) 

h. JDecarboxylatioa: 

CHt'NHa (Mefbyl amine) 


Fia. 1. Some Possible Changes in Glycine during Metabolism. The solid arrows 
are reactions known to be produced by microorganisms and other t 3 rpes of cells; 
the dotted arrows are reactions which are thought to occur in higher animals or 
are hypothetical (From Fearon, 1940.) 


Other less well-established breakdown products of glycine will be 
found in Table 4. 

Alanine. This amino acid has been shown to be nonessential for 
several higher animals and for many microorganisms. It has con¬ 
siderable significance, however, in that it can be converted to carbo¬ 
hydrate units in animals, that it is related in structure but not neces¬ 
sarily in biological derivation to many more complex and important 
amino acids, and that it readily ‘^transaminates” with ketoglutaric 
acid. See Fig. 2, p. 874. 
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Complete oxidation to CO 2 , NH 3 , P. vulgaris Bernheim, Bemheim, i 

H 2 O Webster (1935) 

Oxidized to unidentified products, Pseudomonas Webster and Bernheim 

CO 2 , NHj aeruginosa (1936) 

Acetic acid, CO 2 , NH 3 Anaerobic coccus Cardon (1942) 
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Unidentified products, C(^ I Washed cells of Gale (1940) 





TABLE 4 {Continued) 

OWN OF Amino Acids bt Mxcroobganisms 



Phenylpropionic acid. Mixed culture Salkowski and 

CH,-CH,-COOH, (1879), Nawi 













nidentified products and NH 3 by | Cl. sporogenes I Stickland (1934) 
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p-Hydroxyphenylacrylic acid, P. vulgaris Hirai (1921) 

CHICHCOOH, 
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j>-Cresol, HO*C 6 H 4 *CHj, and un- Ps, asrugindsa Traetta Mosca (1910) 

identified products Clostridium Rhein (1922), Ja^e (1930) 
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other cholera 
vibrios 

Clostridium fdUax, Gale (1940, 1941) 
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Unidentified products, citruUine, Pa, aeruginoaa Horn (1933) 

HjN- CO- NH • (CHj),CH- COOH 
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BubatUtctionor 
Condensation Derivatives 


BreaMown Products 


Senne 
Phenylalanine 
Tyrosine 
Tryptophan 
Cystine and cysteine 



Histidine 


lodogorgoic acid 
Thyroxine 



a. Deaminafioa: 

CHiCOCOOH 

CHs CO CHO- - CeHiiOt 

(Methyl glyoxal) (CUncos^) 

CH|‘CHOH*COOH (Lactic add) 
CHt’CHj'COOH (Propionic acid) 
h. Decarboxylation: 

C 2 H&NH 2 (Ethylamtne) 


c. Transamination: 


(Sec cilecusslou of aspartic and glutamic aclds^ 


Fig. 2. Some Possible Changes in Alanine during Metabolism. The solid arrows 
are reactions known to be produced by microorganisms and other types of cells; 
the broken arrows are reactions which are thought to occur in higher animals or 
are hypothetical. (From Fearon, 1940.) 


Aspartic Acid and Glutamic Acid and the ^‘Glutamine Cycle.’' 
These two amino acids are considered nonessential for the development 
of higher animals, but they are required for the optimum growth of 
certain bacteria in chemically defined media (see Chapter 7); and, 
as is shown in Table 4, they are broken down to several compounds by 
various microorganisms. Probably the most interesting metabolic 
function in which these amino acids take part is the process known as 
‘‘transamination.” This process has not been studied very extensively 
with microorganisms,® although it is known to occur in muscle, liver, and 
many other tissues [see Braimstein and Kritzmann (1937), Braunstein 
(1939), Schoenheimer (1942)]. Transamination consists of the biologi¬ 
cal transfer of nitrogen among amino acids without the occurrence of 
ammonia as an intermediate. The enzyme systems, called amino- 
pherojseSf involved are highly specific in that they require a particular 
amino donor, glutamic acid or aspartic acid, or a particular amino 
acceptor, a-ketoglutaric acid or oxaloacetic acid, depending upon the 
direction of the reaction. The transamination process with glutamic 
acid is thought to occur as follows: 

* In 1945 Idchstein and Cohen established the presence of a potent transaminase 
system in several bacteria {Escherichia coli, Proteus vulgaris^ Azotohacter vindandii, 
Staphylococcus aureus^ Clostridium perfringens^ streptococci, and pneumococci). 
The system catalyzes the following reaction: 

i(+)-Glutamicacid -f Oxaloacetic add o-Ketoglutaricacid + i(—)-Aspartic acid 
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COOH 
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COOH 
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CH2 
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CH2 R 

1 1 

CH2 R 

1 1 

CH2 
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1 

CH2 
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+ CH2 

CH2 CH2 

CH2 CH2 
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CH2 

1 

CHNH2 

1 

<!!=0 

1 

<! 3 =n— in 

1 1 

in— n ==(!3 

1 1 

c=o 

1 

CHNH2 

COOH 

COOH 

COOH COOH 

COOH COOH 

COOH 

<ix)OH 

Glutamic 

Amino 

^‘Intermediate 

o-Ketoglutaric 

Amino 

acid 

acceptor 

complexes'* 

acid 

donor 


If R in the amino acceptor is a hydrogen, then it will be the a-keto 
acid, pyruvic acid, and by accepting the —NH 2 group it becomes the 
amino acid, alanine, which in turn can serve as an amino donor in the 
reverse reaction. With aspartic acid the reaction may be written: 

HOOC CH CH 2 COOH + AO HOOC C CH 2 COOH + AH NHa 

JiHj A 

Aspartic acid Amino Oxaloacetic Amino 

acceptor acid donor 

where AO represents a specific amino acceptor, such as an a-keto acid, 
and AH-NH 2 a suitable amino donor, which may be a natural amino 
acid. In other words, the specific enzymes (aminopherase system), 
working in one direction, convert monocarboxyketo acids, such as 
pyruvic acid, into amino acids by the transfer of —NH 2 ; working in 
the reverse direction, this enzyme system deaminates amino acids and 
transfers the —^NHa to keto acids. Such a system appears to be of 
considerable importance in the natural synthesis of amino acids from 
carbohydrate residues and products. 

Glutamine, the amide of glutamic acid, is thought to play a cyclic 
role in ureagenesis in animals [Leuthardt (1938)], and it has been 
shown to be required for the optimum gro\vth of certain bacteria in 
chemically defined media. It is not known, however, whether gluta¬ 
mine functions in bacteria in a manner similar to that in animals. 
In animals (cat, rat, or guinea pig) Leuthardt believes that glutamine 
reacts with carbonic acid to form urea and pyrrolidine-2-carboxylic 
acid, which undergoes successive transformation to proline and glutamic 
acid, which on subsequent amination to glutamine completes the 
so-called “glutamine cycle.'^ Krebs (1942) has criticized the work of 
Leuthardt and believes that, although glutamine may have a stimulat¬ 
ing effect on the ornithine cycle, a glutamine cycle as such does not 
exist. 

Phenylalanine and Tyrosine. These two aromatic amino acids 
are supposedly the chief source of the benzene ring for higher animals, 
and they seem to be interchangeable in animal nutrition; apparently 
phenylalanine is transformed into tyrosine before metabolism. Aro¬ 
matic amino acids are also essential for the optimum growth of several 
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bacteria when they are cultivated in chemically defined media (see 
Chapter 7). Some of the reactions involved in the metabolism of 
tyrosine are shown in Fig. 3. 


CHa'CHCOOH CHiCHCOOH 



OH 


PHENYiALANnna: 
Svhstitution or 


Tyrosine 
/ 


C(yndensc(/titon Derivatives / 

/ 

/ 

CH(OH)CH>NHCH, 


HO 


<AdrenaUtae 


HOC.H,.I,OC,H,I,CH,(j:HCOOH 

n.. . NH, 

Tbyroslne 



Breakdown Prodiicts 

a. Deamination and oxidation: 

CH2*CH0H*C00H (p'HydroxyplieDrllaetic 
I acid) 

CfiH^OH 

CH 2 ’ CH 2 *COOH (i>*Hydroxyphenylprop!oiilc 
I acid) 

C,H«OH 


(p-HydrozyphenylacryUc 

acid) 


CH:CHCOOH 

CeHrOH 

CHa'COOH (p-Hydroxyphenylacetlc 
I acid) 

CeHi-OH 

HO*C#H4'CHi (p-Creaol) 
CeHft’OH (Pheool) 
Decarboxylation: 
CH2’CH2*NHs (Tyramlne) 
CeHiOH 


Fig. 3. Some Possible Changes in Tyrosine during Metabolism. The solid arrows 
are reactions known to be produced by microorganisms and other types of cells; 
the broken arrows are reactions which are thought to occur in higher animals or 
are hypothetical. (From Fearon, 1940.) 


Tyrosine is also oxidized by the enzyme tyrosinase to a red indole 
compound formed by the closure of the side chain; this red compound 
is then reduced spontaneously to an indole base, melanogen, which by 
oxidative polymerization forms the dark brown pigment called melanin. 
This series of reactions may be of importance in establishing a relation¬ 
ship between tryptophan and tyrosine. The melanin pigments impart 
the characteristic color to brown or black hair, the fur of animals, and 
the racial pigment of skin and are thought to be responsible for the 
pigmentation of the colonies of several microorganisms (see Chapter 5). 

Tryptophan, Tryptophan is an essential amino acid for higher 
animals and many microorganisms; it serves as the chief source of the 
indole nucleus. It is also probable that tryptophan supplies pyrrol 
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nuclei for the synthesis of cellular porphyrins, including the cyto¬ 
chromes and hematin. The products formed by the microbial break¬ 
down of tryptophan vary, depending upon the organism, the nature of 
the medium, and other factors (see Table 4). 

The general physiological interest in tryptophan and the fact that 
certain bacteria and other microorganisms convert tryptophan into 
indole—a reaction which has long been employed as a diagnostic 
test in systematic bacteriology—have resulted in a large literature 
on this subject [see Raistrick and Clark (1921), Woods (1935), Happold 
and Hoyle (1935), Thorne (1937), Burrows (1939), Baker and Happold 
(1940), Fildes (1940, 1941), Evans, Handley, and Happold (1942), 
Krebs, Hafez, and Eggleston (1942), Snell (1943)]. 

It is also of interest that Tatum and Bonner (1943) have presented 
evidence to show that serine is concerned in the synthesis of tryptophan 
by the ascomycete Neurospora crassa, apparently through a direct 
reaction with indole. Likewise, Fildes (1940) and Snell (1943) have 
observed that certain bacteria which require tryptophan for growth 
can use indole, but the reaction between indole and serine was not 
established. Snell also found that anthranilic acid will replace trypto¬ 
phan in the nutrition of some lactic acid bacteria. 

In 1903 Hopkins and Cole showed that tryptophan is the parent 
substance of the indole formed by bacteria, and soon afterward several 
workers proposed the reactions sho^vn in Fig. 4 to accoimt for the proc¬ 
esses whereby tryptophan is converted to indole. 



Fiq. 4. A Scheme for the Breakdown of Tryptophan. 
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Since these early days numerous attempts have been made to eluci¬ 
date the intermediary mechanism of indole formation by testing com¬ 
pounds which seemed to be likely intermediates [see Woods (1935), 
Happold and Hoyle (1935), Baker and Happold (1940)]. Among the 
compounds which have been tested but can be excluded as intermedi¬ 
ates because they are attacked very slowly or not at all are 3-indole- 
propionic acid, 3-indoleethylamine, 3-indolelactic acid, 3-indolepyruvic 
acid, 3-indoleacrylic acid, 3-indoleglycine, 3-indolealdehyde, and 3-in- 
dolecarboxylic acid. These negative results led Krebs, Hafez, and 
Eggleston (1942) to conclude that the primary breakdown of trypto¬ 
phan does not start in the side chain; they examined the hypothesis 
that the conversion of tryptophan into indole begins with the oxidation 
of the indole ring. In forming such a hypothesis they were guided 
by the following facts: 

a. In certain organisms (rabbit, Bacillus subtilis) tryptophan is 
converted to kynurenine according to the following reaction [Kotake 
and his associates (1933)]: 

/\-CH • CH2 • CH • COOH 

yls. Ah* 

H 

Tryptophaik 


+0 


-CH. CHa • CH • COOH 

yJli—OH Ah* 

N 

H 

2-Hydroxyindolealanine 


+H 2 O 

-> 

-3H 



-CrCHCHNHaCOOH 
^COOH (1) 


NH* 


Kynurenine 


In this case the attack on tryptophan starts in the ring with an oxida¬ 
tion at the carbon atom in position two. 

b. Certain aniline derivatives, such as o-aminophenylacetaldehyde 
and o-amino-jS-phenylethyl alcohol, readily form indole or indole de¬ 
rivatives in vitro: 


/\-CH2CH0 


-NHa 



( 2 ) 


H 


o-Aminophenylaeetaldebyde Indole 




NH2 


o-Ainiiio*/7-phenylethyl alcohol 



(3) 
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From these data Krebs and his associates (1942) believe that the 
conversion of tryptophan into indole may start with an oxidation of 
the ring like that in equation (1), leading to an o-aniline derivative 
similar to or identical with kynurenine, and that the side chain of this 
compound is consequently broken down to o-aminophenylacetaldehyde, 
which in turn yields indole according to equation (2). If this hypothe¬ 
sis is correct, then Escherichia coli and other indole-forming bacteria 
should yield indole from kynurenine and similar o-aniline derivatives. 
Krebs and his associates tested several compounds of this type and 
found that one substance, o-amino-j3-phenylethyl alcohol, reacted in 
the expected manner. They believe that the formation of indole from 
this compound is not necessarily connected with its formation from 
tryptophan because E, coli oxidizes ethyl alcohol and several of its 
homologs to the corresponding aldehydes. Furthermore, since the alde¬ 
hyde arising from o-amino-jS-phenylethyl alcohol is known to yield 
indole spontaneously, this alcohol might be expected to form indole on 
oxidation; the indole formation would in this case be “accidental^' 
and different from the true mechanism of indole formation from trypto¬ 
phan. On the other hand, these workers prefer to assume that there 
is a link between the two indole-yielding reactions and that indole is 
formed when, or because, a substrate yields o-amino-jS-phenylacetalde- 
hyde in the course of its decomposition. They are of the opinion that 
o-amino-/3-phenylethyl alcohol is not necessarily an intermediate in 
indole formation from tryptophan; in fact, its rather slow rate of re¬ 
action at low concentrations argues against this theory. However, 
they do believe that the corresponding aldehyde is an intermediate. 

The hypothesis of Krebs, Hafez, and Eggleston has the advantage of 
explaining the various types of tryptophan breakdown (formation of 
kynurenine, or kynurenic acid and anthranilic acid, and of indole) 
as modifications of one major scheme. In every case the primary step 
is the formation of an intermediate derivative (oxindole- or hydroxyin- 
dolealanine) followed by ring opening; the further breakdown of the 
side chain then differs with the individual reaction. For example, a 
removal of two or three hydrogen, depending upon whether the in¬ 
termediate derivative is oxindolealanine or hydroxyindolealanine, 
leads to kynurenine; a further oxidation produces H 2 N-C 6 H 4 -C(OH): 
CH • CO • COOH and then, by ring closure, kynurenic acid (see Kotake's 
reactions). The hypothesis also explains the failure of indole deriva¬ 
tives other than tryptophan to yield indole and is in accordance with 
the conclusions of Baker and Happold (1940) that the breakdown of 
tryptophan to indole requires an intact side chain. 

It has been mentioned that Bacillus subtilis is able to form k 3 mu- 
renine and kynurenic acid from tryptophan xmder certain conditiona 
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This type of tryptophan breakdown has been studied rather exten¬ 
sively by Kotake and his associates (1933), who believe that the re¬ 
actions involved may be written as follows: 



CH 2 CHCOOH 

1 

NHz 

Tryptophan 

CH 2 CH 2 CHCOOH 

COOH iIh2 
NH 2 


/\ 


H 

/\ 


-CH 2 CHCOOH 


-OH NH 2 


-CrCHCHCOOH 


\/\ 


COOHNH 2 
NHa 

Kynurenine 


/\-co- 


CH 2 COCOOH 


/\-COOH 




it 


NH2 


V 


-NH2 


/\-C(OH): CH • CO • COOH 


Anthranilio acid 

OH 

/\/\ 




COOH 


NH 2 


Kynurenio acid 


These reactions are substantiated by the fact that, when Kotake 
and his associates substituted kynurenine for tryptophan in the basal 
medium, kynurenic acid and anthranilic acid could be isolated as end 
products. 


PEPTIDES 

As early as 1905 to 1910 several investigators reported that bacteria, 
yeasts, and molds are capable of utilizing peptides as a source of nitro¬ 
gen [see Buchanan and Fulmer (1930)]. However, since much of this 
early work was done with more or less indefinite mixtures of peptides, 
it is of only historical interest at the present time. 

More recently several synthetic peptides have been prepared by 
Gorbach (1930), Bergmann and his associates (1932-1937), Berger, 
Johnson, and Peterson (1938), Imaizumi (1938), Elberg and Meyer 
(1939), Maschmann (1937-1939) and others [see Johnson and Berger 
(1942)] for metabolic studies. In most of the experiments in which 
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niicroorganisins have been employed for the metabolic studies either 
*‘resting^^ cells or various types of cell-free enzyme preparations have 
been used, and the rate of peptide hydrolysis, specificity of enzyme 
preparation, and kind of activator have been determined. These 
studies were briefly discussed under the heading of bacterial peptidases 
in Chapter 6 and have been reviewed in some detail by Johnson and 
Berger (1942); these sources should be consulted for further details 
concerning the action of microorganisms on peptides. 

PEPTONES, PROTEOSES, METAPROTEINS, AND PROTEINS 

When proteins are hydrolyzed by acids, alkalies, or enzymes, they 
gradually undergo degradation into the following substances of de¬ 
creasing molecular size: 

Proteins —> Metaproteins Proteoses —> 

Peptones —> Peptides Amino acids 

The intermediate products which are formed between proteins and 
amino acids should be considered classes of substances rather than in¬ 
dividual compounds, for there exist no sharp lines of demarcation be¬ 
tween the various classes; one class blends by imperceptible degrees 
into the next. 

Peptones. Peptone-like bodies have been found free in certain 
plant and animal tissues, but the peptones which are now used for 
bacteriological purposes are all prepared from proteins by commercial 
methods. The methods of preparing peptones fall into the three 
following groups: (1) a hydrolysis of proteins by enzymes; (2) a hy¬ 
drolysis of proteins by acids and alkalies; and (3) a combination of 
these two methods. In general, the peptones exhibit none of the 
colloidal properties of the true proteins, and they are readily diffusible 
through semipermeable membranes. As McAlpine and Brigham 
(1928) have pointed out, however, certain commercial brands of pep¬ 
tone, such as Witte peptone, actually contain considerable nitrogen in 
the form of protein bodies. Chemically, peptones are distinguishable 
from proteoses, metaproteins, and proteins by the fact that they are 
not precipitated when their solutions are saturated with ammonium 
sulfate, nor are they precipitated by such reagents as trichloracetic 
acid or picric acid; they are, however, precipitated to a certain extent 
by tannic acid and by phosphotungstic acid pKemmerer and Heil 
(1941)]. In spite of the differences in precipitation between the pep¬ 
tones and proteoses these two kinds of substances are not easily 
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separated from each other, and all commercial peptones contain a 
vaiying percentage of proteoses. 

The data in Tables 6 and 6 show the results of typical quantitative 
chemical analyses of certain commercial and laboratory-prepared ani¬ 
mal and vegetable peptones and proteoses which are used for bac¬ 
teriological work. An examination of these tables indicates the follow¬ 
ing facts: (1) the commercial and laboratory-prepared peptones are 
fairly uniform in so far as their total nitrogen is concerned, and the 
vegetable peptones as a group give the lowest values; (2) both com¬ 
mercial and laboratory-prepared peptones vary widely in their con- 

TABLE 6 

Typical Analyses op Dipco Bacto Peptones and Proteoses 

(From Difco Manual of Dehydrated Culture Media and Reagents^ 

7th Ed., 1943, p. 176) 

Neopep- Proteose- 



Bacto- 

Bacto- 

Bacto- 

tone, 

Peptone, 

Bacto- 


Peptone Tryptone Tryptose 

Difco 

Difco 

Protone 

Total nitrogen 

16.16 

13.14 

13.76 

14.33 

14.37 

15.41 

Primary proteose N 

0.06 

0.20 

0.40 

0.46 

0.60 

5.36 

Secondary proteose N 

0.68 

1,63 

2.83 

3.03 

4.03 

7.60 

Peptone N 

15.38 

11.29 

10.52 

10.72 

9.74 

2.40 

Ammonia N 

0.04 

0.02 

0.01 

0.12 

0.00 

0.05 

Free amino N 

(Van Slyke) 

3.20 

4.73 

3.70 

2.82 

2.66 

1.86 

Amide N 

0.49 

1.11 

1.03 

1.23 

0.94 


Monoamino N 

9.42 

7.31 

7.46 

7.56 

7.61 


Diamino N 

4.07 

3.45 

3.98 

4.43 

4.51 


Tryptophan 

0.29 

0.77 

0.64 

0.73 

0.51 

1.03 

Tyrosine 

0.98 

4.39 

3.45 

4.72 

2.51 

2.99 

Cystine (Sullivan) 

0.22 

0.19 

0.38 

0.39 

0.56 

0.27 

Organic sulfur 

0.33 

0.53 

0.57 

0.63 

0.60 

0.45 

Inorganic sulfur 

0.29 

0.04 

0.04 

0.09 

0.04 

0.16 

Phosphorus 

0.22 

0.97 

0.72 

0.19 

0.47 

0.27 

Chlorine 

0.27 

0.29 

2.12 

0.84 

3.95 

0.38 

Sodium 

1.08 

2.69 

2.77 

0.45 

2.84 

0.30 

Potassium 

0.22 

0.30 

0.50 

0.85 

0.70 

0.06 

Calcium 

0.058 

0.096 

0.117 

0.198 

0.137 

0.263 

Magnesium 

0.056 

0.045 

0.082 

0.051 

0.118 

0.057 

Manganese 

Nil 

Nil 

0.0001 

Nil 

0.0002 

Nil 

Iron 

0.0033 

0.0104 

0.0080 

0.0041 

0.0056 

0.0023 

Ash 

3.53 

7.28 

8.45 

3.90 

9.61 

2.50 

Ether-soluble extract 

0.37 

0.30 

0.31 

0.30 

0.32 

0.31 

Reaction (pH of 1% 
solution in distilled 

H^O after autoclav- 

ing 20 min. at 121 ’’C. 

7.0 

7.2 

7.3 

6.8 

6.8 

6.7 
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tent of the various nitrogen fractions; (3) the vegetable peptones are 
lower in peptone nitrogen than the others, except for Bacto-protone; 
(4) the content of free ammonia nitrogen is low in all peptones; (5) 
the vegetable peptones are higher in free amino acid and amino nitro¬ 
gen than are the commercial and laboratory-prepared animal peptones; 
(6) the sum of the nitrogen fractions does not equal the figure for total 
nitrogen, indicating that more than one nitrogen fraction was deter¬ 
mined by the same analysis, or that certain forms of nitrogen were 
imdeterminable by the technique; and (7) the pH values of the various 
peptones vary widely. Additional chemical and bacteriological data 
on peptones and proteoses will be found in the papers by McAlpine and 
Brigham (1928), Topshtein (1940), Krishnan and Narayanan (1941), 
Leifson (1941), and Hook and Fabian (1941, 1943). The publication 
by Hook and Fabian (1943), which presents a great deal of informa¬ 
tion on this subject, is especially valuable for reference. 

The first references to the use of peptones for the cultivation of 
microorganisms appear to be those made by Naegeli from 1879 to 1882; 
he compared the nutritional value of peptones with that of ammonium 
tartrate and found that peptones served very well as a source of nitro¬ 
gen for microorganisms. Soon afterward animal peptones became one 
of the most important constituents of culture media because of their 
content of amino acids and other nitrogenous compounds which are 
readily metabolized by microorganisms. More recently vegetable 
peptones have been recommended as a cheap source of nitrogen for 
growing certain bacteria [Hook and Fabian (1943)]. 

The dissimilation of peptones by microorganisms has been studied 
rather extensively in the past; Buchanan and Fulmer (1930) should 
be consulted for a review of the early literature on this subject. A 
few microbial metabolic end products which have been reported to 
arise from peptones are the following; 


Metabolic End Product 
Creatine and creatinine 

Urea 

. ., f Amino acids 
^ 1 Hydrocyanic acid 

Mercaptans, indole, etc. 


Reference 

Antonoff (1906), Fitzgerald and Schmidt (1912), 
Sears (1916, 1917), Fish and Beckwith (1939) 
Iwanoif and Smimowa (1927) 

Sears (1916), Kendall (1922,1923), Hucker (1924) 
Emerson, Cady, and Bailey (1913), Clawson and 
Young (1913) 

Ahny and James (1926) 

Treece (1928) 

Almy and James (1926), Treece (1928), Tarr 
(1933, 1934), Zobell and Feltham (1934), 
Vaughn and Levine (1936), Tittsler and Sand- 
holzer (1937), Hunter and Crecelius (1938), 
Utermohlen and Geor^ (1940), Stekol and 
Ransmeier (1942), Ransmeier and Stekol (1942) 
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Since peptones are not distinct chemical entities, it is somewhat 
difficult to state from which fraction of them the various metabolic 
products arise. Also it is probable that, before the constituents of 
commercial peptones are synthesized into protoplasm by microbial 
cells, they must first undergo degradation into simpler nitrogenous 
substances, such as amino acids or ammonia, which under these con¬ 
ditions may be ephemeral. This supposition may account for the 
failure to detect large amounts of such compounds as end products of 
peptone metabolism. 

According to Ludwig (1938), peptone serves as a source of nitrogen 
for Chlorella and some other algae; however, in certain green algae 
peptone is nonassimilable. 

Proteoses. The proteoses differ from proteins and other protein 
degradation products in that the precipitate which appears when their 
solutions are treated with nitric acid usually dissolves when the mixture 
is heated and reappears when it is cooled. Proteoses are precipitated 
almost completely when their solutions are saturated with ammonium 
sulfate, but they are not coagulated by heat and they diffuse very 
slowly through semipermeable membranes. The chemical analysis 
of two commercial products (proteose-peptone Difco and Bacto-pro- 
tone) which are high in proteose nitrogen is given in Table 6. It will 
also be seen from the data in this table and Table 6 that the commercial 
brands of peptone contain variable amounts of proteose nitrogen. 

The metabolism of pure proteoses by microorganisms has not been 
investigated, although several workers [see, for example, Hucker (1924) 
have used crude proteose fractions in their studies and have found that 
they are not readily utilized by bacteria, especially in the absence of a 
fermentable carbohydrate. 

Proteins.® Proteins are complex nitrogenous substances which, in 
general, contain carbon (50 to 55 per cent), hydrogen (7 per cent), 
nitrogen (15 to 19 percent), oxygen (25 to 30 per cent), sulfur (0.5 to 
2.5 per cent), frequently phosphorus (0.4 per cent), and sometimes a 
halogen. As a class, proteins are characterized by a number of color 
reactions, by a series of precipitation tests, and by certain other 
physico-chemical properties characteristic of amphoteric colloids; for 
example, techniques and apparatus which measure the viscosity-con¬ 
centration curves of protein solutions and show their appearance under 
the ultramicroscope and electron microscope, their behavior in the 
ultracentrifuge, their movement in an electric field, and their X-ray 
pattern are being used more and more extensively by various workers to 

* The word protein is derived from the Greek and means preeminence. The term 
was first applied to the complex nitrogenous substances found in plant and a nim a l 
tissues by Mulder in 1838-1839. 
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characterize proteins. In deciding whether a particular substance is a 
pure protein, the results of all these tests must be considered together. 
The color reactions are specific, not for proteins as such, but rather for 
certain chemical groups occurring in them; and, although the precipi¬ 
tation tests are typically those of amphoteric colloids, the various pro¬ 
teins nevertheless show marked differences in physical properties which 
can be detected only by some of the newer techniques. 

Proteins are essential constituents of all living matter. They form 
with water, lipides, carbohydrates, and salts the colloidal complex 
known as protoplasm, and they seem to confer many physico-chemical 
properties, as well as biological specificity, to various types of cells. 
In addition to being an essential constituent of all living cells, proteins 
are present in eggs, in seeds, and in secretions such as milk and honey, 
which are intended as food for the developing young. Although 
plants, including many bacteria, are capable of synthesizing proteins 
from simple organic or inorganic compounds, this ability is lacking in 
higher animals, who are thus dependent upon proteins or their com¬ 
ponent parts for the continuance of life. 

Under normal conditions proteins themselves are not oxidized to any 
great extent to release energy for cellular activities; the fuel consumed 
for this purpose is supplied primarily by carbohydrates and fats. Dur¬ 
ing periods of starvation or in the absence of utilizable carbohydrate, 
however, many cells can and do utilize their own or other proteins. 
Also after the death of cells all the cellular proteins are eventually 
broken down into simpler nitrogenous substances by the activities of 
proteolytic enzymes. These simpler nitrogenous compounds may then 
be synthesized into new protoplasmic material by microorganisms 
and other types of cells. 

Microorganisms play a very important role in the decomposition 
and alteration of proteins in nature, and several experimental studies 
have been conducted to determine the action of pure cultures of various 
organisms on several purified proteins. Proteins may undergo one or 
more types of changes as the result of microbial activities. Some pro¬ 
tein solutions are coagulated, whereas others are dissimilated through 
the activities of hydrolytic and oxidative enzymes and then resynthe¬ 
sized into new compounds. Since the production of protein-coagulating 
enzymes by microorganisms was discussed in Chapter 6, only a few of 
the results of the dissimilation of proteins will be reviewed here. 

The dissimilation of proteins in nature or imder experimental con¬ 
ditions may result from the activities of aerobic, facultative, or anaero¬ 
bic microorganisms. When the breakdown of proteins occurs in an 
aerobic environment, the process is usually spoken of as decay^ which 



PEPTONES, PROTEOSES, METAPROTEINS, AND PROTEINS 887 

may be defined simply as a process in which the proteins are oxidized 
to stable compounds devoid of foul odors. On the other hand, when the 
decomposition takes place under anaerobic conditions, the process 
is termed putrefaction, which may be defined as a reaction in which the 
proteins are incompletely oxidized to unstable or foul-smelling com¬ 
pounds (for example, mercaptans, amines, fatty acids, indole, and 
hydrogen sulfide). 

Before 1911 several workers [see Buchanan and Fulmer, Vol. Ill 
(1930), Waksman (1932)] reported that anaerobic bacteria degrade 
proteins and cause putrefaction. Bainbridge (1911), however, was 
unable to find any chemical evidence to show that several aerobic 
or facultative bacteria are able to decompose native egg albumin or 
serum protein. He employed a basal inorganic salt medium to which 
were added: (a) the proteins separately; (b) the proteins plus glucose; 
and (c) the proteins with simpler nitrogenous substances. In the 
medium containing only the native proteins as a source of nitro¬ 
gen and carbon there was neither a change in the proteins nor an in¬ 
crease in the number of bacteria. When glucose was added as a source 
of energy, growth usually occurred, but the proteins were not degraded 
to any measurable extent. In the medium which contained sufficient 
nonprotein nitrogenous food to insure vigorous bacterial growth, only 
Proteus vulgaris was able to decompose the proteins. 

In a series of papers b}'' Rettger and his students [see Sperry and Rett- 
ger (1916), Rettger, Berman, and Sturges (1916), Berman and Rettger 
(1916, 1918)] the observations of Bainbridge were confirmed and ex¬ 
tended. They employed aerobic, facultative, and anaerobic species 
of bacteria and the proteins edestin and egg albumin in both synthetic 
and nonsynthetic media. None of the fifteen or so species used was 
capable of utilizing the purified native proteins as a sole source of 
carbon and nitrogen. However, the addition of a trace of peptone or 
some other nitrogenous food material, which readily furnished the 
necessary nitrogen for bacterial growth and enzyme synthesis, per¬ 
mitted most of the organisms to digest the proteins. Similar results 
have been reported by other workers [see, for example, Hucker (1928), 
Frazier and Rupp (1931), Ludwig (1938)]. 

On the other hand, careful chemical studies by Robinson and Tartar 
(1917), Waksman (1920, 1932), Waksman and Lomanitz (1925), and 
Waksman and Starkey (1932) have shown that pure cultures of certain 
species of bacteria, molds, and actinomyces decompose purified animal 
and plant proteins. For example, the data cited in Table 7 show the 
results of the decomposition of four proteins by an active protein-de¬ 
composing mold, actinomyces, and bacterium. The basal medium 
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employed consisted of inorganic salts, to which were added the various 
proteins (1.0 per cent) or the proteins plus glucose (0.8 per cent); 
incubation of cultures was carried out at 27° to 28° C. under aerobic 
conditions for the time given in the table. From the data in Table 7 
it will be seen that with all three organisms there was a reduction of 
the insoluble protein and an increase of nitrogen in solution, as well as 
ammonia and amino nitrogen formation. Under the conditions of this 
experiment Bacillus cereus was more active than either the mold or 

TABLE 7 

Decomposition op Vegetable and Animal Proteins by Microorganisms 

[From Waksman and Starkey (1932)] 


Protem 

Organism 

1 

F 

i 

j 

•s 

i 

P 

1 - 
Ij 

52 

Nitrogen Content 
of Solution 

J 

m 

e.s 

11 

Glucose Left in Medium, 

Total 

Nitro¬ 

gen, 

xngm. 

NH2 

Nitro¬ 

gen, 

nigm. 

NHa 

Nitro¬ 

gen, 

mgm. 

Edeetin 

Control 


978 

164.2 

2.0 

0 

Trace 

_ 

0 


Control 


984 

166.4 

1.4 

0 

Trace 

+ 

795 


Trichoderma koningi 

9 

604 

85.1 

79.6 

28.3 

32.6 

— 

0 


T. koningi 

9 

968 

120.4 

46.8 

14.0 

25.2 

+ 

Trace 


AcHnomyca 










viridoehromogenu9 

15 

862 

140.8 

25.3 

4.5 

11.7 


■■ 


Act. viridockromogentu 

16 

823 

121.8 

41.4 

4.8 

27.8 




BaaUtu eereus 

9 




22.8 

mSSM 


■■ 


B. certus 

9 

485 

81.0 

86.8 

30.6 

21.8 

B 

195 

Gliadin 

Control 


954 

135.0 

2.1 

0 

miQui 

B 



Control 


962 

135.6 

1.7 

0 

0 

+ 

796 


T, koningi 

9 

271 

28.0 


36.8 

32.8 




T, koningi 

9 

927 

90.7 

44.8 

17.4 

Kill 


75 


Ad. vlridochromogmut 

15 

792 

109.8 

25.1 

3.5 

15.2 




B. cereiu 

9 

51 

7.3 

124.1 

36.2 

42.6 


0 


B. cereus 

9 

559 

71.9 

62.4 

14.0 

6.7 


525 

Zein 

Control 


966 

144.8 

0.6 

0 

0 


0 


Control 


976 

145.9 

0.4 

0 

0 


796 


7*. koningi 

13 

718 

97.3 

45.5 

14.0 

26.8 

— 



T. koningi 

13 

698 

67.6 

72.7 

20.8 

36.3 


0 


B. cereus 

13 

128 

17.9 

114.8 

27.8 

46.5 

— 



B. cereus 

1 13 

863 

116.8 

17.5 

4.2 

6.5 



Gaaein t 

Control 




140.2 

7.5 

1.2 


0 


T. koningi 

10 

232 

17.2 

118.0 

12.6 

44.7 

— 

0 


1 Ad. viridoehromogenus 

15 

95 

10.2 

128.6 

13.3 

19.2 

- 

0 


B. eereus 

j 

9 

105 

12.3 

113.2 

38.9 

40.9 


0 


* Bcndue oonrists of undeoomposed protein and cellular material which is retained by fine filter papor. 
t CMcin diasolved in 0.1 N NaOH; therefore the residue ooneiats almoet entirely of cellular material. 
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actinomyces, and the different proteins were not decomposed to the 
same extent by any one organism. When glucose was incorporated 
in the medium as a source of energy, less of the protein was decomposed, 
but a greater cellular synthesis was also taking place, as will be seen by 
comparing the figures for the nitrogen content of the residue with 
those for the nitrogen content of the solution. 

An interesting point in connection with the utilization of proteins by 
various bacteria is the effect that glucose or other carbohydrates have 
on the decomposition process. In 1915 Kendall and Walker observed 
that, when a small amount (up to 0.3 per cent) of glucose was added to 
a gelatin medium, the secretion by Proteus vulgaris of the enzyme which 
liquefies gelatin was inhibited until the carbohydrate was completely 
utilized; also, when the concentration of glucose was above 0.3 per 
cent, the formation of the enzyme was permanently prevented. Con¬ 
trol experiments showed that glucose did not inhibit the enzyme after 
it was formed, and interference due to high acidity was ruled out be¬ 
cause the enzyme was eventually formed after small amounts (up to 
0.3 per cent) of glucose were completely fermented. These workers 
concluded that P. vulgaris preferred a fermentable carbohydrate to 
protein for its energy requirements and that it would not attack the 
protein until the carbohydrate in the medium had been completely 
utilized; in other words, they believed that glucose protected, or ex¬ 
hibited a so-called protein-sparing action on, the protein constituents 
of the medium until it was completely utilized. These conclusions were 
criticized by Berman and Rettger (1918) and others. Berman and 
Rettger showed, for example, that organisms such as Bacillus subtilis, 
which ferment glucose very slowly, and Aerohacter cloacae, which pro¬ 
duce end products that are not too acid, failed to exhibit a protein-spar¬ 
ing action, since protein decomposition occurred even before all the 
sugar was fermented. On the other hand, when organisms were em¬ 
ployed such as P. vulgaris or E, coli^ which produce large quantities of 
acidic end products during a short incubation period, a definite pro¬ 
tein-sparing action was observed, providing the medium was not 
strongly buffered. If, however, an excess of phosphate buffer was 
added during the preparation of the sugar-protein medium, the limiting 
hydrogen-ion concentration was never reached during the early growth 
phase of the bacterial cultures, and protein decomposition occurred as 
rapidly in the presence of a fermentable carbohydrate as in its absence. 
Thus it may be concluded that a fermentable carbohydrate exhibits 
protein-sparing action only when it is rapidly fermented to strongly 
acidic end products in an unbuffered medium; then it is the acidic 
environment that inhibits bacterial growth and multiplication and 
consequently the elaboration of proteolytic enzymes. 
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MICROBIAL FERMENTATIONS 

This chapter will be restricted to a brief discussion of certain micro¬ 
bial fermentations which are concerned with the production of definite 
chemical compounds. Some of the various reactions which may be 
considered in a broad sense as fermentations take place during the man¬ 
ufacture of alcoholic beverages; the preparation of certain foods, such 
as sauerkraut, pickles, cheeses, fermented milks, silage, and leavening 
agents; the making of legume cultures; the manufacture of some phar¬ 
maceutical materials, such as penicillin and streptomycin; the process¬ 
ing of hides and skins; the retting of flax and hemp and other processes 
in textile microbiology; and the curing of tobacco, tea, and other 
products. These fermentations, however, will not be discussed here, 
because some of them are not too well understood microbiologically, 
and others should be treated in courses in food, soil, dairy, pharmaceuti¬ 
cal, and textile microbiology. 

The word fermentation has undergone numerous changes in meaning 
during the past hundred years. According to derivation, it means 
merely a gentle bubbling or boiling condition, and it was in this sense 
that the term was first applied to the reactions occurring during the 
production of wine and other alcoholic beverages. After Gay-Lussac’s 
studies of these processes the meaning was changed to signify the break¬ 
down of sugar into alcohol and carbon dioxide, and after Pasteur's re¬ 
searches the word became more closely associated with microorgan¬ 
isms or their enzymes causing this breakdown. 

A fermentation, in the broad sense in which the term is now used, 
may be defined as a metabolic process in which chemical changes are 
brought about in the organic substrate through the activities of enzymes 
secreted by microorganisms or other cells. The chemical changes pro¬ 
duced by such activities depend upon the type of organism involved, 
the kind of substrate, and other factors, such as pH and oxygen supply. 
In respect to the oxygen supply two types of fermentation are recog¬ 
nized: aerobic femenMion (oxybiontic or aerobic processes; respiration), 
in which the dissimilation of the substrate is accompanied by ab¬ 
sorption of oxygen, which acts as a hydrogen acceptor (for example, 
acetic acid fermentation and citric acid fermentation); and anaerobic 
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fermentatioriy in which atmospheric oxygen does not take part, but 
other substances, such as aldehydes or pyruvic acid, serve as acceptors 
of hydrogen. Yeasts, certain bacteria, and some molds are capable of 
producing fermentations of this second type (for example, alcoholic 
fermentation, acetone-butyl alcohol fermentation, and lactic acid fer¬ 
mentation). 

Certain of the fermentation processes are well established on an 
industrial basis, and some others offer interesting possibilities. This 
point is indicated by the fact that the bibliography compiled by Ful¬ 
mer and Werkman (1930) lists 112 different chemical compounds which 
arise from the action of various microorganisms on nonnitrogenous 
organic compounds and by the fact that since 1930 a large number of 
new products have been discovered and studied by various workers, 
among whom Raistrick and his associates in England are outstanding. 

In view of the variety of compounds which it is possible to produce 
by fermentation processes it might be assumed that a large number of 
organic chemicals would be manufactured by fermentation methods. 

TABLE 1 

Thu Recent Domestic Production op Chemicals Derived Entirely or 
Partially prom Fermentation Industries 


[From Wells and Ward (1939)] 



Number of 


Sales, 

Value, 

Chemical 

Establishments 

Production 

pounds 

dollars 

Acetone 

6 * 

201,606,334 Ib.f 

121,172,975 t 

5,571,188 t 

Butyl alcohols, 





total 

6 

164,668,813 Ib.f 

61,313,850 t 

4,621,665 t 

Calcium lactate 

2 




Calcium gluconate 

1 

600,000 Ib.t 



Citric acid 

3 or 4 

10,493,068 lb. 


2,768,377 

Ethyl alcohol 





Synthetic 

1 

70,000,000 § 





proof gal. 



Total ’ 

38 

616,000,000 1 



Lactic acid 


proof gal. 



Edible 

6 


1,492,301 t 

309,324 

Medicinal 

2 




Technical 

5 

1,869,366 Ib.f 

1,671,237 t 

212,276 

Sorbose j / 


100,000 Ib.t 




♦ Probably 2 or 3 synthetic plants. 

t Wells and Ward^s figures corrected to 1940 values [U. S, Tariff Comm, RepL 148 
(1940)]. 

t Private unofficial estimate. 

§ Figures listed by Liebmann for 1943 in WcUlerstein Labs, Commun, (1942), 6:136. 
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However, this assumption is not justified, and an appraisal of the situ¬ 
ation indicates that an expanded biochemical industry in this country 
is unlikely for some time. Deterrents may either be inherent in cer¬ 
tain biological processes in the form of excessive operational cost, 
unavailability of suitable raw materials, low yields, or sluggish fermen¬ 
tations or may appear as competitive synthetic chemical processes. 
On the other hand, the economic success of several fermentative re¬ 
actions which are concerned with the production of definite chemical 
compounds is well recognized (see Table 1), and more possibilities 
appear as time passes. Such success is due to several causes. Among 
them are the ability of the selected organism to give a high and con¬ 
sistent yield of the desired product in a reasonable time from a cheap, 
available raw substrate, the easy recovery of the product in a pure 
form, and, often the decisive factor, the production of a unique product 
which is in demand but which it is difficult to obtain by other methods. 

Three groups of organisms are of service in the fermentation indus¬ 
tries. Yeasts are utilized in the production of ethyl alcohol, alcoholic 
beverages,»^eavening agents, and yeast concentrates and may be em¬ 
ployed to produce glycerol; bacteria are of use in the preparation of 
butyl alcohol, acetone and other solvents, lactic and other acids, 
2:3-butylene glycol, sorbose, and other products; and molds are em¬ 
ployed in the manufacture of citric acid, gluconic acid, gallic acid, 
kojic acid, and miscellaneous products. 

A. YEAST FERMENTATIONS 

Various yeasts are used extensively in the fermentation industry for 
the production of industrial ethyl alcohol and, to a very small extent, 
glycerol; the manufacture of malt beverages (brewing), wines, and dis¬ 
tilled spirits; and the production of miscellaneous products, such as 
leavening agents and vitamin concentrates. The fermentations con¬ 
cerned in the production of pure chemicals will be discussed briefly; 
for additional reading the references and the books Industrial Micro¬ 
biology by Prescott and Dunn (1940) and Enzyme Technology by 
Tauber (1943) should be consulted. 

INDUSTRIAL ALCOHOL PRODUCTION (ALCOHOLIC 
FERMENTATION) 

The term industrial alcohol implies the industrial use of ethyl 
alcohol. Ethyl alcohol or ethanol (CH3*CH20H) is probably one 
of the world’s oldest and best-known chemical compounds. The word 
alcohol itself is derived from two Arabic words, al and kohl, which 
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were first used to denote a finely ground powder employed by Oriental 
women to darken their eyebrows. It is believed that the word alcohol 
came into being because of the resemblance between the methods used 
to obtain these fine powders and those used for the distilling of “spirits. 
About A.D. 1500 the word was adopted for a volatile liquid, and grad¬ 
ually the name became restricted to the product that is known today 
as ethyl alcohol. 

So extensive is the use of ethyl alcohol in industry and in the arts and 
sciences that, with the exception of water, it may be regarded as the 
most important accessory chemical employed today. The diversified 
products in which it is used comprise an almost endless list, ranging 
from high explosives to synthetic rubber and blends of alcohol and gaso¬ 
line for motor fuels, from perfumes to cleaning fluids, from food flavor¬ 
ings to shellac, from baby rattles to embalming fluid, from medicines 
to tobacco (see the discussion on the uses of alcohol, p. 927, in 
this chapter). Probably everyone depends in one way or another on 
the ability of yeast to convert sugars to alcohol and other end prod¬ 
ucts. 

The quantity of pure alcohol produced in the United States has 
steadily increased during the past 20 years. In 1920 the industrial 
alcohol plants in operation produced 18,933,551 proof gal.;^ in 1930, 
191,859,342 proof gal.; in 1937, 223,181,228 proof gal.; and in 1941, 
298,845,417 proof gal. For 1943 Liebmann (1942) estimated the total 
production figures as follows: 

Qiuintity, 

million 

Source 'proof gallons 


Industrial alcohol plants (from molasses and grains) 225 
Whisky distilleries 

High-proof alcohol 120 

High wines for redistilling 1(X) 

Synthetic alcohol (from ethylene gas) 70 

Total 616 


It has been estimated that 609,000,000 gal. of industrial alcohol was 
manufactured in 1944. 

The states in this country producing the largest amounts of alcohol 
in 1941 were Pennsylvania, Louisiana, New Jersey, West Virginia, 

1 Proof is an old English term for strength or quality of spirit. In the United 
States, for example, 100 proof spirit contains 50 per cent by volume of alcohol. 
In other countries alcoholic strengths are frequently measured by other systems. 
Proof gallons divided by 1.9 equals United States wine gallons of 95 per cent con¬ 
centration; units are based upon spirits at 60®F. (16.6®C.), at which temperature 
ethyl alcohol has a specific gravity of 0.7939. 
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Maryland; and Indiana, in the order named; their production accounted 
for 90.4 per cent of the total given in Table 2. 

Raw Materials Used for Alcohol Production.® The most im¬ 
portant raw materials used for producing ethyl alcohol may be allo¬ 
cated to the following four groups: 

TABLE 2 

Ethyl Alcohol Production, by Kinds of Materials Used, 

IN THE United States and Territories for the Fiscal Year 1941 * 

Alcohol Produced 


Kind of Material 

Quantity Used 

proof gallons 

per cent 
of total 

Molasses f 

220,898,526 gal. 

210,426,805 

70.41 

Ethyl sulfate 

53,399,664 gal. 

69,902,800 

23.39 

Grain t 

199,119,727 lb. 

17,532,441 

5.87 

Pineapple juice 

1,831,381 gal. 

227,326 

0.08 

Cellulose pulp, chemical 
and crude alcohol 
mixtures 

Crude alcohol mixture 
Cellulose pulp and 
chemical mixtures 

2,365,256 gal. 

15,365,950 lb. 

575,730 

0.19 

Other mixtures 

Molasses 

Corn sugar by-product 
Malt 

Corn 

921,866 gal. 
2,245,793 lb. 
1,265,953 lb. 
1,110,284 lb. 

180,315 t 

0.06 

Potatoes 

Barley 

Bran 

686,585 lb. 
8,758 lb. 
5,894 lb. 




Total 298,845,417 100.00 

* United States Treasury Department, Bureau of Internal Revenue, Alcohol 
Tax Unit, Statistics on Alcohol for Fiscal Year Ending June 30, 1941. Released 
February 6, 1942. 

t Additional amounts used in combination with other materials. 

t Includes 1,045 proof gal. produced at experimental plants from materials not 
shown. 

1. Saccharine materials, such as blackstrap molasses, sugar beet, 
sugar cane, fruit juices, and cheese whey. 

2. Starchy materials, such as potatoes, Jerusalem artichokes, cas¬ 
sava, and cereals (corn, rye, wheat, barley, rice, etc.). 

* For additional information on this subject Jacobs and Newton (1938), Beres* 
ford and Christensen (1941), and Willkie and Kolachov (1942) should be consulted 
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3. Cellulose-containing materials, such as wood pulp, and waste 
sulfite liquor. 

4. Ethylene and acetylene gases and other substances—synthetic 
processes. 

In normal times about 70 to 75 per cent of the industrial alcohol 
produced in this country is derived from the fermentation of molasses; 
a variety of products make up the source of the remaining percentage 
(Table 2). The production of industrial alcohol from molasses prac¬ 
tically ceased in this country in 1942 because of the difficulty of ob¬ 
taining molasses; however, many plants readily converted to the use 
of grain products, particularly corn and granular Avheat flour [see 
Singleton (1943), Unger (1943), Keyes (1943), and Handren (1943)]. 
Thus in 1943 about 62 per cent of the industrial alcohol produced in 
this country was made from grains and 23 per cent from molasses; 
14 per cent was prepared synthetically. 

In other countries different types of raw products are utilized for the 
production of alcohol by fermentation methods. For example, in 
Germany potatoes have been used for many years as the chief raw 
material; in France and Italy sugar beets and fruit juices are employed; 
and in Sweden and Norway wood and waste sulfite liquor from wood 
pulp mills are the chief raw products utilized. Alcohol has been pro¬ 
duced in Sweden from sulfite liquor for over 35 years; the planned 
output for 1941 was 18,500,000 gal. [Hanson (1942)]. 

Whereas the manufacturer is mainly concerned with the yield of 
alcohol per ton of raw material used, the farmer is interested in the 
yield per acre. The following figures show the probable average alcohol 
yield per ton and per acre of some raw products: 

Average Yield of 99.5 Per Cent Alcohol, 
gallons 



Ton 

Acre 


Ton 

Acre 

Wheat 

85.0 

33.0 

Potatoes, sweet 

34.2 

141.0 

Corn 

84.0 

88.8 

Potatoes, white 

22.9 

178.0 

Raisins 

81.4 

102.0 

Sugar beets 

22.1 

287.0 

Rye 

78.8 

23.8 

Jerusalem artichokes 

20.0 

180.0 

Molasses (blackstrap) 

70.4 

45.0 

Sugar cane (Louisiana) 

15.2 

268.0 

Sorghum cane 

70.4 

26.4 

Grapes 

15.1 

90.4 

Oats 

63.6 

36.3 

Carrots 

9.8 

121.0 


These figures were calculated by Jacobs and Newton (1938) and are 
cited merely to show the relative importance or value of certain crops 
for alcohol production. Wood pulp and other cellulose-containing 
substances offer great possibilities as raw materials for the production 
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of industrial alcohol and other organic solvents. Scholler (1936), 
Bergius (1937), Giordani (1939), Wiley, Johnson, McCoy, and Peterson 
(1941), Rosten (1941), Hanson (1942), and Wise (1943), for example, 
have described methods for the production of alcohol and many other 
by-products from wood and waste sulfite liquor. 

It is also very important to have an adequate supply of water avail¬ 
able for the manufacture of industrial alcohol. Some idea of the quan¬ 
tity needed can be realized from the following table of water and steam 
requirements of a modern grain distillery producing high-proof alcohol 
[Boruff, Smith, and Walker (1943)]: 



Water 

Steam 


per Bushel of 

per Bushel of 


Grain Processedy 

Grain Processed^ 


gallons 

pounds 

Processing 

Cooking (batch-pressure) and sterilizing 

36 

36 

Mash coolers 

78 


Fermenter cooling coils 

70 


Stills, high-proof alcohol 

94 

100 

Stillage recovery (screenings and solubles) 

Evaporators, stillage 

430 

87 

Dryers 


65 

Carbon dioxide recovery, powerhouse, 

administration, etc. 

67 

... 

Total 

765 

278 


Special treatment of the water is often necessary; this requirement 
depends on its composition and usage. 

Outline of the Industrial Fermentation Process. The produc¬ 
tion of ethyl alcohol by fermentation methods will be discussed under 
the following five headings: (1) preliminary treatment of raw materials; 
(2) preparation of starter (yeast culture development); (3) fermentation 
of the mash; (4) distilling and refining the alcohol; and (5) by-products 
(slop waste and fusel oil). Although efficient production of alcohol 
depends upon all of the first four operations, the general statement 
can be made that, after the preliminary adjustments in the various raw 
materials, the method of fermentation and the technique for the re¬ 
covery of the alcohol from different substrates are quite similar. 

1. Preliminary Treatment of Raw Materials. The procedure 
followed in the production of ethyl alcohol by fermentation methods 
depends partly upon the kind of raw material used. A few examples 
may be cited to illustrate this point. Figures 1 and 2 show also the 
preliminary steps necessary for the treatment of potatoes, corn, and 
molasses before they can be fermented by yeast. 
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Saccharine materials usually require little or no special treatment, 
other than pH. adjustment and dilution, before fermentation. For ex¬ 
ample, blackstrap molasses, containing 50 to 55 per cent total sugar 
(mainly sucrose), and high-test molasses, containing up to 78 per cent 
total sugar, are adjusted to pH 4.5 to 5.0 and diluted until they contain 
12 to 15 per cent sugar. Frequently ammonium phosphate or sulfate 
is added in amounts of 0.075 to 0.1 per cent to correct phosphorus or 
nitrogen deficiencies for the yeast. Most fruit juices require only pH 
adjustment, dilution, and sulfur dioxide treatment (to prevent abnor¬ 
mal fermentation due to bacteria) before fermentation. Sweet rennet 
cheese whey, containing lactose, is heated to boiling, run through a 
filter press, adjusted to pH 4.5 with sulfuric acid, cooled, and fortified 
with ammonium sulfate (0.013 per cent), and then is ready for fermen¬ 
tation [Browne (1941)]. 

Starchy materials have to be disintegrated by grinding or cooking, 
or by both processes, and then saccharified (hydrolyzed) before they 
can be fermented to alcohol by yeast. When grain such as com is 
used, the oil-bearing germ is usually removed before cooking. The 
cooking of starchy materials is generally carried out in large retorts or 
other vessels, which are heated by steam under pressure at 80®C. 
(176®F.) to 182.2®C. (328'^F.) for periods varying from a few minutes 
to 3 hours, depending upon what type of raw material is used and 
whether the batch cycle process or the rapid, continuous process is 
employed [see Gallagher, Bilford, Stark, and Kolachov (1942), 
DeBecze and Rosenblatt (1943)]. After cooking, the softened and 
disintegrated material is blown through a tube to a large vat, cooled to 
the mashing temperature of 50® to 63®C. (122® to 155.4®F.), and then 
saccharified by one of several methods. Saccharification, or hydrolysis 
of the starch, is necessary because yeasts do not secrete diastase (amyl¬ 
ase). Acid hydrolysis of the starch has been practiced in the past but 
industrially is not so widely used today as is enzymatic hydrolysis. 
The enzymes used for saccharification may come from: (a) barley malt, 
(b) wheat which has been specially treated, or (c) various microor¬ 
ganisms. 

The use of malt or germinated barley for the hydrolysis of starchy 
materials involves adding a certain amount of ground malt to the 
cooled, pastefied grain and then allowing its enzymes to act until the 
desired changes have taken place. In the past it has been customary 
to convert the starch of the main mash to fermentable sugars, which are 
then pumped to the fermenters. New methods described by Gallagher, 
Bilford, Stark, and Kolachov (1942), however, make use of a so-called 
rapid, continuous process for the production of alcohol from cornstarch 
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mashes and malt. The malt is metered out through a pump and mixed 
with the mash, which is being pumped through a long pipe (approxi¬ 
mately 105 ft.); the malt is in contact with the mash for 40 to 60 
seconds at 62.8®C. prior to cooling and fermentation. The alcohol 
yields on such quickly converted mashes are about 2 per cent higher 
than on those obtained with the older standard practice of 30 to 60 
minutes^ conversion at 62.8°C. (145°F.). 

When wheat meal or flour is used as the source of raw material, it may 
be saccharified by its own enzymes. The technique is known as the 
Balls-Tucker process [see Taylor (1943)]. It consists of the use of a 
0.5 per cent sodium sulfite solution to extract the diastase from the 
ground wheat before it is cooked and the addition of this sulfite-dia¬ 
stase mixture to the grain after cooking to convert the starch to fer¬ 
mentable sugars. Such a technique cuts the cost of alcohol produc¬ 
tion, since barley malt or mold diastase is not required. 

Mold enzyme preparations are now widely used to hydrolyze the 
starch in corn and wheat for industrial alcohol production. The 
process has been developed to a high degree of efficiency by several 
workers, especially Schoene, Fulmer, and Underkofler (1940), Under- 
kofler (1942), Hao, Fulmer, and Underkofler (1943), and Roberts, 
Laufer, Stewart, and Saletan (1944). Briefly the method consists of 
growing certain molds, especially strains of Aspergillus oryzae^ on a 
sterilized, acidified mixture of water and wheat bran in small rotary 
drums or in aluminum pots equipped for aeration. The temperature 
is maintained at 35® to 45®C. by controlled rotation and aeration, or 
by aeration alone if the aluminum pots are used. After about 20 to 
40 hours^ incubation in such an environment, the moldy bran is dried 
in air at room temperature and ground in a mill to a coarse powder. 
This powder is then used for the saccharification of cooked grain mashes 
in a manner similar to that employed for malt. On the average about 
10 to 12 per cent higher yields of ethyl alcohol are obtained with moldy 
bran than with good dried barley malt. In fact, under optimum con¬ 
ditions and with Aspergillus aryzae bran alcohol yields up to 95 per 
cent of theory have been obtained. 

Jerusalem artichokes have been used on a small scale to produce 
ethyl alcohol [see Underkofler, McPherson, and Fulmer (1937)]. Pre¬ 
fermentation treatments involve extraction of the fresh or dried tuber 
chips with water in a diffusion battery at 80®C., concentration of the 
extract under reduced pressure to a sirup containing over 70 per cent 
total solids, conversion of polysaccharides into simpler sugars by mild 
acid (pH 1.5 to 1.75) hydrolysis at 80®C. for 1 or 2 hours, adjust¬ 
ment of the pH to 5.5, and dilution of the mash so that it contains car- 
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bohydrate equivalent to 16 per cent reducing sugar. The dilute mash 
is then sterilized, cooled to 30®C., and inoculated; no additional 
nutrients need be added. 

The starch powders from other plants, such as cassava, have also 
been used as substrates for alcoholic fermentation, but they are not as 
widely employed as the starchy materials mentioned [see Banzon 
(1941)]. 

Cellulose’^mtaining materials and waste sulfite liquors offer interesting 
possibilities as raw materials for the production of ethyl alcohol and 
various other substances by fermentation methods [see reviews by 
Hanson (1942) and Wise (1943)]. Before fermentation wood and other 
cellulose-containing materials must be disintegrated by special shred¬ 
ders and hydrolyzed to fermentable sugars by mineral acids (H 2 SO 4 
or HCl), either at room temperature or at higher temperatures by 
steam under pressure. The sugars are then recovered as a sirup from 
the furfural, lignin, and acids by diffusion, evaporation, neutralization, 
and filtration or by other special treatments. According to Bergius 
(1937), approximately 80 per cent of the sugar obtained by the hydroly¬ 
sis of wood is fermented to alcohol, a long ton of dry wood yielding 85 
to 90 gal. of 95 per cent alcohol. The other 20 per cent of the sugar 
may be recovered and used for animal fgod or for other purposes. 

Sulfite liquor, a by-product in the manufacture of pulp from wood, 
contains about 1.5 to 5.0 per cent carbohydrate in the form of glucose 
(50 per cent), mannose (15 per cent), galactose (8 per cent), and non- 
fermentable pentosans (27 per cent) consisting of xylose and arabinose. 
Because the pH of sulfite liquor is below the most favorable range for 
yeast activity and because sulfur dioxide in the liquor is highly poison¬ 
ous to yeast, special treatment is necessary before fermentation. The 
free SO 2 is removed by heating (90®C.) and aeration (about 2 hours) 
at a pH above 5.5. Lime, or preferably calcium carbonate, may be 
used for neutralization. After neutralization, which requires 4 to 5 
hours, the liquor is allowed to stand for about the same length of time 
to permit certain solids to settle; then it is cooled to a fermentation 
temperature of 27°C. (80.6°F.). Usually it is necessary to supply 
additional nutrients for the growth of the yeast; these may consist of 
ammonium salts (phosphate or sulfate), hydrolyzed skim milk, or a 
yeast extract prepared by autodigestion of yeast at an elevated tem¬ 
perature. According to Hanson (1942), the main advantages of employ¬ 
ing sulfite liquor as a raw material for alcohol production are: ( 1 ) use 
of a strictly waste material and (2) decrease in stream pollution. On 
the other hand, some of the drawbacks include: ( 1 ) difficulties in the 
operation of the sulfite mill so as to produce sulfite liquor with a con- 
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sistently high sugar content, ( 2 ) adverse effect on the pulp if a high 
alcohol yield is wanted, (3) necessity for special treatment of liquor be¬ 
fore fermentation, (4) large volume of liquor to be handled, and ( 6 ) 
small yield of alcohol. 

2. Preparation of Starter (Yeast Culture Development). 
The strain or race of yeast employed in alcohol production must possess 
uniform and stable characteristics and must be able to tolerate high 
concentrations of alcohol. In respect to this second point the study by 
W. D. Gray (1941) of the alcohol tolerance of yeasts is of interest. On 
the basis of their alcohol tolerances all the yeasts investigated by Gray 
may be divided into six groups: 

а. Yeasts of extremely low alcohol tolerance. 

Strains utilizing not over 77.2 per cent of the available glucose in 24 
hours at 30°C. in 10 per cent yeast water-l.S per cent glucose medium 
of pH 4.30 to 4.38, containing 4.76 to 4.82 per cent or less alcohol by 
weight: 

“Yeast 32^^ (a contaminant from an open fermenter originally set 
with the “D.C.L. strain^O- 

WilUa anomala (a yeast used for ripening Japanese rice beer). 

“Black yeast^^ (occurring as a contaminant of commercial yeast). 

б . Yeasts of low alcohol tolerance. 

Strains utilizing not over 95.8 per cent of the glucose in the fore¬ 
going medium containing 6.66 to 6.75 per cent alcohol: 

Saccharomyces cerevisiae (“S.C. strain^O- 

“A strain” (producing a raspberry-like odor in mash after 24 hours). 

Zygosaccharomyces sofa (a yeast used in the preparation of Japanese 
rice beer). 

Torula lactosa. 

c. Yeasts of moderate alcohol tolerance. 

Strains utilizing not over 97.4 per cent of the glucose in the fore¬ 
going medium containing 6.66 to 7.72 per cent alcohol: 

Saccharomyces cerevisiae ('^D.C.L. strain”). 

Schizosaccharomyces mellacei (a yeast used in the preparation of 
Jamaica rum from molasses). 

Torula cremoris. 

d. Yeasts of average alcohol tolerance (all yeasts of this group may be 
considered as being quite efficient and suitable for industrial use). 

Strains utilizing not over 97.9 per cent of the glucose in the foregoing 
medium containing 8.56 to 9.52 per cent alcohol: 
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Saccharomyces ellipsoideus Yeast 2V ^—Tokay wine yeast). 

Saccharomyces cerevisiae (‘‘Rasse XII strain/^ “Yeast 23”—Burgundy 
wine yeast). 

Saccharomyces cerevisiae (“L.3 strain,” Schizosaccharomyces verder-- 
manif). 

“Yeast 30” (a contaminant in vitamin Bi-free wort). 

Schizosaccharomyces pomhS (a yeast used in the preparation of South 
African negro millet beer). 

e. Yeasts of high alcohol tolerance. 

Strains utilizing not over 97.7 per cent of the glucose in the foregoing 
medium containing 10.47 to 10.61 per cent alcohol: 

Saccharomyces cerevisiae (“Rasse M strain”). 

Saccharomyces cerevisiae (“R strain”—a European strain good for 
rye fermentations). 

/. Yeasts of extremely high alcohol tolerance. 

Strains utilizing 96.8 per cent of the available glucose in the foregoing 
medium containing 11.58 per cent alcohol, and approximately 95 per 
cent of the glucose when the medium contained 13 per cent alcohol: 

Saccharomyces cerevisiae (“Brown-Forman strain”). 

Although strains or races of Saccharomyces cerevisiae are generally 
used for the production of alcohol by fermentation methods, other 
species of yeasts may be employed under certain conditions. For ex¬ 
ample, Torula cremoris and Torula lactosa have been used by Browne 
(1941) for the production of ethyl alcohol from cheese whey, and 
Schizosaccharomyces pombi appears to be the best yeast for the fer¬ 
mentation of Jerusalem artichoke mashes. For information on the clas¬ 
sification and identification of the yeasts the review by Henrici (1941) 
should be consulted. 

The preparation of the starter for inoculation (“pitching”) of the 
main mash has to be carried out in several steps imder aseptic con¬ 
ditions. First, a young, pure culture of the desired strain of yeast is 
grown in a tube of yeast extract-glucose broth or wort broth for 24 to 48 
hours at 24° to 30°C. This culture is then used to inoculate a larger 
tube or flask of sterile mash. After incubation this culture is used to 
seed a still larger flask of sterile mash. Such a “build-up” procedure is 
continued two or three times more until finally a “starter” of several 
thousand gallons is obtained; this starter is then used to inoculate the 
main mash in large fermentation vats. Aeration is of benefit in prepar¬ 
ing a good starter containing a great number of yeast cells, since it 
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breaks up clumps of cells and removes toxic metabolic gases. Usually 
specially designed apparatus, such as the Magn4 automatic yeast 
propagator, was iised in the past to prepare the final starter. Because 
of the large-capacity equipment and long over-all processing time re¬ 
quired by present methods for the preparation of distillers’ yeast, 
however, Unger, Stark, Scalf, and Kolachov (1942) developed a rapid, 
continuous aerobic process for the manufacture of yeast. Their original 
report should be consulted for details, but basically their method 
consists of growing the yeast in a specially designed apparatus on a 
sterile barley-malt-wort-ammonium sulfate medium of pH 4.0 to 4.2 at 
28® to 30°C. and aerating with sterile air. After about 4 hours of 
active growth the yeast wort is removed continuously at the bottom 
of the apparatus and pumped to a centrifuge, where the yeast cell 
concentration is increased from about 500,000,000 to 2,000,000,000 per 
milliliter. The supernatant fluid, containing about 1.75 per cent alcohol, 
is returned to the distillery, and the yeast is transferred to refrigerated 
storage and kept there imtil needed. This method produces a pure- 
culture yeast of strong fermenting activity at an original concentration 
of 500,000,000 cells per milliliter of medium, in comparison with the 
usual 150,000,000 per milliliter obtained by the sour-mash anaerobic 
process. 

3. Fermentation op the Mash. After the preliminary adjust¬ 
ments, such as securing a pH of 4.5 to 5.0 and diluting to 12 to 15 per 
cent sugar, are made in the various raw materials, they are pumped 
to the fermenters, where the temperature is regulated to 70° to 80°F. 
(21.1° to 26.6°C.), and inoculated (“pitched”) with the starter. 
Ordinarily the main mash is inoculated with a starter that represents 
from 5 to 25 per cent of its volume. The yeast in the starter soon uses 
up the oxygen in the main mash, and active anaerobic alcoholic fer¬ 
mentation sets in. During the anaerobic fermentation the tempera¬ 
ture is maintained at 70° to 80°F. (21.1° to 26.6°C.) by cooling coils 
or sprays on the outside of the fermenters. If this is not done, the 
temperature of the mash may rise to a point where the growth of the 
yeast is retarded, bacterial development may take place, or some of 
the alcohol may be lost by evaporation. During the fermentation car¬ 
bon dioxide is evolved; this gas maintains anaerobic conditions and 
may also be recovered and used for a variety of purposes. Although 
the rate of fermentation depends on the temperature, sugar concen¬ 
tration, and other factors, the process is usually complete in about 
48 to 96 hours. 
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Newer methods are now widely used for the fermentation of certain 
mashes. For example, a continuous process for the alcoholic fermenta¬ 
tion of molasses has been developed by Bilford, Scalf, Stark, and Kola- 
chov (1942). It is based on the use of a single-vessel, continuous fer¬ 
mentation system and a storage tank. Molasses mashes, aerated with 
CO 2 at 32.2°C. (90®F.) and containing 12 to 13 per cent sugar, are 
fermented 92 to 94 per cent in 4- to 10-hour cycles; yeast inoculation 
(prepared by the continuous process) is necessary only at the beginning 
of the run. Such a process is more efficient in time, equipment, and 
production [see DeBecze and Rosenblatt (1943)]. 

4. Distilling and Refining the Alcohol. After fermentation is 
complete, the fermented mash (beer) is transferred to condensers and 
beer stills and finally to rectifying stills and condensers, where the ethyl 
alcohol and fusel oil are separated from the other constituents of the 
mash (‘'slop waste^O* During distillation in the first condensers and 
beer stills, fractions containing approximately 60 to 90 per cent alcohol, 
and spoken of as “high wincs,^^ are separated from the slop waste. 
These high wines are then separated from fusel oil and concentrated to 
95 per cent alcohol by passage through rectifying stills and condensers. 
The 95 per cent (190 proof) ethyl alcohol may be further purified, de¬ 
hydrated, or denatured as prescribed by the Bureau of Internal 
Revenue [see Figs. 1 and 2 ; also United States Department of the 
Treasury, Bureau of Industrial Alcohol, Regulation 3 (1931), United 
States Department of the Treasury, Bureau of Internal Revenue, 
Appendix to Regulation 3 (1939), and Wentworth, Othmer, and Pohler 
(1943)]. 

5. By-products (Slop Waste and Fusel Oil). The residue ma¬ 
terial from the beer stills, called slop waste, constitutes an important 
by-product of the industrial alcohol industry. The solids may be 
concentrated, dried, and sold as stock feed or fertilizer, or they may 
be used as raw material to produce a variety of other products. These 
by-products contain vitamins (at least nine members of the B group 
and carotene), nitrogenous substances, fats, and minerals and are of 
high nutritive value as food for animals [Bauemfeind, Garey, Baum- 
garten, Stone, and Boruff (1944)]. Such compounds as the suga 
d-allulose and a substance with the formula C 30 H 54 O 18 N 6 P have also 
been isolated from distillery slops by Zerban and Sattler (1942). 

The fusel oil is separated from the alcohol during the refining of the 
high wines; it constitutes about 0.1 to 0.7 per cent of the crude distilled 
spirit. The composition and quantity of fusel oil vary, however, 
with the raw material used (see Fig. 1 ). According to data cited by 
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Jacobs and Newton (1938) and Joslyn and Amerine (1941), fusel oil 
from the fermentation of various substrates shows considerable varia¬ 
tion in its composition (see Table 3). This variation is probably due 
to several factors, such as the composition of the raw material, the type 
of yeast employed, the variable fermentation conditions, and the 
method of distillation. Usually in industry the fusel oil is not refined 
or separated into its component parts, but instead is used in its crude 
form as a lacquer solvent. Methods are available, however, for the 
purification of either grain or molasses fusel oil [see, for example, Swal- 
len and Tindall (1942)]. 

The Mechanism of Ethyl Alcohol Fermentation.® A great deal 
has been written about the mechanism of alcoholic fermentation since 
Gay-Lussac formulated his classical equation during the early part of 

TABLE 3 

Percentage Composition of Fusel Oil from Various Sources 


[Data cited by Jacobs and Newton (1938) and Joslyn and Amerine (1941)] 


Source 



Alcohol, 
per cent 



Residue 


n-Propyl 

n-Butyl 

Isobutyl 

n-Amyl 

Isoamyl 


Potato spirit 
(3 samples) 
Fermented 
molasses 
Brandy 

3.9-6.9 

13.0 


16.5-24.4 

42,0 

68.8-79.5 

36.0 


0.04-0.14 ♦ 

9.0 

(3 samples) 
Whiskey 

11.7-12.1 

0.0-63.8 

0.0-4.5 

24.5-85.0 


t 

(2 samples) 
Fermented 
sugar-yeast 

1.7-20.4 


12.2-23.9 

14.6-23.4 

36.3-59.7 

3.0-4.8 

extract 

3.7 

0.0 

2.7 

93.6 


0.0 


* Hexyl alcohol demonstrated in one sample, and acids, esters, and furfural in 
another. 

t Hexyl and heptyl alcohols demonstrated in one sample. 


* For additional reading the books by Harden (1932) and Stephenson (1939) and 
the more recent reviews by Joslyn (1940), Nord (1940), Workman and Wood (1942), 
Cori (1942), Neuberg (1942), and Meyerhof (1942, 1943) should be consulted. 
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the last century. Gay-Lussac believed that the following reaction 
accounted for the chemical changes occurring during alcoholic fer¬ 
mentation of sugar by yeast: 

CeHiaOe 2C2H6OH + 2CO2 

Although this equation still indicates the over-all reaction for the pro¬ 
duction of alcohol from sugar by yeast, we now know that the fermenta¬ 
tion process is not as simple as the reaction suggests, because, actually, 
the end products arise from a chain of reactions involving several 
ephemeral intermediate compounds, and the main products (ethyl 
alcohol and carbon dioxide) of the fermentation account for only about 
95 per cent of the sugar transformed. 

The quantity of products encountered in alcoholic fermentation, 
calculated on the basis of percentage of sugar fermented, and demon¬ 
strated by several workers, is indicated in Table 4. From these data 

TABLE 4 

Products ♦ of the Alcoholic Fermentation op Sugar by Yeast 
[From Joslyn (1940)] 


Product 

The¬ 

ory 

Industrial 

Fermenta¬ 

tions 

Pas¬ 

teur 

1 Data 

Experimental Investigations with 

Champagne 

Yeast 

Rkat- 

sitch 

Yeast 

Steinberg 

Yeast 

Alcohol 

51.1 * 

48.4 

48.6 

47.8 

48.1 

48.0 

Carbon dioxide 

48.9 

4(5.5 

47.0 

47.0 

47.6 

47.6 

Acetaldehyde 


0.0-0.08 


0.01 

0.04 

0.02 

Acetic acid 


0.05-0.25 


0.61 

0.50 

0.65 

2,3-Butylene 







glycol 




0.06 

0.09 

0.10 

Glycerol 


2.5-3.6 

3.1 

2.99 

2.61 

2.75 

Lactic acid 


O . a - 0.2 


0.40 

0.28 

0.40 

Succinic acid 


0.5-OJ 

0.6 

0.020-0.045 


0.015-0.053 

Fusel oil 


0.35-0.5 





Furfural 


Trace 





Total 1 

100.0 

98.3-100.23 

99.3 

98.89-98.915 

99.22 

99.535-99.573 


♦ Percentage of sugar transformed. 
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it will be seen that alcohol and carbon dioxide are the main products 
of the fermentation, and a variety of other so-called by-products, 
which are largely responsible for the flavors and aroma acquired during 
fermentation, accounts for the remaining percentage of the sugar 
transformed. In addition to these substances yeast cells and other 
nitrogenous materials accumulate during fermentation. 

In formulating a scheme to depict the reactions which occur during 
alcoholic fermentation, all the substances listed in Table 4 should be 
taken into consideration, as well as any transitory intermediate com¬ 
pounds which can be isolated or demonstrated by fixation methods, 
selective poisons, or dialysis or detected by other techniques in which 
yeast juice preparations are employed to study isolated reactions. It 
should be mentioned also that a great deal of our present information 
concerning the mechanism of alcoholic fermentation has been gained 
by correlated studies on the related mechanism of lactic acid formation 
by muscle extracts. 

The so-called Neuberg scheme for alcoholic fermentation was ac¬ 
cepted as quite plausible and experimentally sound until the work, 
starting about 1933, of Embden, Parnas, Warburg and Christian, 
Meyerhof, Cori, and others. In the Neuberg scheme a molecule of 
hexose sugar, after suitable activation, is converted into two molecules 
of triose, yielding methylglyoxal. Two molecules of methylglyoxal, 
undergoing intennolecular oxidation-reduction, are transformed into 
glycerol and pyruvic acid; the pyruvic acid is then decomposed by the 
enzyme carboxylase into acetaldehyde and carbon dioxide. The alde¬ 
hyde so formed reacts with another molecule of methylglyoxal to 
yield ethyl alcohol and pyruvic acid, which is again decarboxylated. 
In this scheme glycerol should be formed only in the initial stages of 
fermentation, and, once the stationary stage (in which acetaldehyde 
enters into intermolecular oxidation-reduction with methylglyoxal) is 
reached, further formation of glycerol should cease; it could occur 
thereafter only when the dismutation involves reduction of methyl¬ 
glyoxal. 

The advantage of the Neuberg scheme of fermentation over the 
older postulated theories is its flexibility. On the assumption that 
pyruvic acid is converted into acetaldehyde and carbon dioxide as 
rapidly as it is formed, we have in the medium two hydrogen donators 
(acetcddehyde and methylglyoxal) and two hydrogen acceptors (acetal¬ 
dehyde and methylglyoxal). When acetaldehyde serves as a hydrogen 
acceptor and methylglyoxal as a hydrogen donator, ethyl alcohol and 
pyruvic acid are formed. According to this view, the ordinary Gay- 
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Lussac equation (CeHi 206 -» 2C2H6OH + 2CO2) is fulfilled accord¬ 
ing to Scheme I. 


C6H1206 

Glucose 

i 

(2C3H603) 

Methylglyoxal 

hydrate 

-HjO 

(2CH3COCHO) 

I 

Methylglyoxal 

. 


2 CH 3 -COCOOH 

i 

2CO2 + 2 CH 3 -CHO 

— -■ ■ I 

Pyruvic acid 

Acetaldehyde 

1 +2Hr—- 


2C2H6OH 

Ethyl alcohol 


Scheme I. Neuberg’s Normal Fermentation. 


On the other hand, when the acetaldehyde is prevented from acting 
as the sole hydrogen acceptor, as Neuberg found to be the situation in 
the presence of added alkali, the normal course of the fermentation is 
modified. A second hydrogen acceptor (an unstable compound which 
Neuberg did not identify but which has the formula C3H6O3) then 
becomes active and competes with acetaldehyde for the hydrogen 
liberated when methylglyoxal is oxidized; by accepting the hydrogen, 
this second compound is reduced to glycerol (see Scheme II). Under 
such conditions the acetaldehyde is not completely reduced to alcohol, 
as in Scheme I, but instead undergoes a Cannizzaro reaction in which 
half the molecules are oxidized to acetic acid and the other half are 
reduced to ethyl alcohol (Scheme II). Neuberg and his associates 
were also able to prove the presence of acetaldehyde in fermentation 
mixtures by the addition of sulfite. Under such conditions the sulfite 
unites with part of the acetaldehyde before it has been oxidized or re¬ 
duced and renders it inactive; the aldehyde so fixed was recovered and 
identified by .Neuberg and his associates. When acetaldehyde is fixed 
by such a technique, it can no longer serve as a hydrogen acceptor, as in 
Scheme I; but, as in Scheme II, it is replaced by an unstable triose 
compound, C3H6O3, which is easily reduced to glycerol. Therefore, 
for every molecule of acetaldehyde fixed by sulfite, a corresponding 
molecule of glycerol is to be expected, and it occurs. Scheme III illus¬ 
trates the course of events under the circumstances which have just 
been outlined. 
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Although these schemes account in a qualitative way for certain of 
the by-products found in normal alcoholic fermentation, they do not 
quantitatively account for all of them. As a matter of fact, however, 
the accumulation of the so-called by-products is not regular and pro- 


2C6H12O6 

i 

(2C3H6O3 + 2C3H6O3) 

„ ^ 4-2H2 ■" 

-2H2O 4, 

>. 2C3H8O3 

2CH3COCHO- 

. 


2CH3C0C00H 

i 

2CO2 + 2CH3CH0 



CH3C00H + C2H5OH 


Glucose 


Methylglyoxal 
hydrate and 
unidentified 
hydrogen 
acceptor 
Glycerol 
Methylglyoxal 


Pyruvic acid 


Acetaldehyde 


Acetic acid and 
ethyl alcohol 


Scheme II. Neuberg’s Fermentation in the Presence of Alkali. 


portional to the quantity of sugar dissimilated, but varies depending 
on the stage of fermentation, the substrate, and the experimental 
conditions. 

The essential differences between the Neuberg scheme and Scheme 
IV, which is believed at present to account best for the equilibria in 


C6 Hi206 

i 

(C3H603 + C3H603) 

+Hr 

C3H803 


-HjO 

CHaCbCHO 
+o- 


CH3COCOOH 

i 

CO2 + CH3CH0(NaHS03) 


Glucose 


Methylglyoxal 
hydrate and 
unidentified 
hydrogen 
acceptor 
Glycerol 
Methylglyoxal 


Pyruvic acid 


Acetaldehyde 
fixed by sulfite 


Scheme III. Neuberg’s Fermentation in the Presence of Sulfite. 


alcohoUc fermentation, lie in the nature of the triose intermediates and 
in the more intimate intervention of phosphate than was previously 
believed to exist. Neuberg regarded methylglyoxal as an intermediate 
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product of fermentation; but, since this substance is not fermented 
to any extent, many people regard it as an inactive stabilization 
product of a more active isomeric compound. The intermediate trioses 
which are now believed to occur in alcoholic fermentation are shown 
in Scheme IV, the so-called Embden-Meyerhof-Pamas scheme, and 
include such compounds as glyceraldehyde phosphate (H2O3P *00112 • 
CHOH • CHO), dihydroxyacetone phosphate (CH2OH • CO • CH2O * 


P0I3 

(stare 


T-1 


laooharide 
or glycogen) 


rtK 2 HP 04 


Glucose-l-phosphate * 
(Cori ester; 


Qluoose 

I 

+ ATP 

f 

Glucose-O-phoephate (Robison ester) + ADP 


Fructoae -1 


i 

li 


Fructose- 6 -phoephate (Neuberg ester) 
+ ATP 


(Harden-Voung ester) 


+ ADP 


n 


( 1 ) 

( 2 ) 

( 3 ) 


(4) 


Dihydroxyacetone phosphate 
+ H2-DPJr 


3-Glyceraldehyde phosphate 
[ d=K2HP04 


a-Glycerophoep&ite 1:3-Diphospliogjyceraldehyde 

Glycerol -f H 3 PO 4 l:3-Diphnsphoglyceric acid + H 2 DPN 


+H2-DPN 

Lactic acid ^ y Pyruvic acid -|- ATP 

+»*■« I + dpt 

Acetaldehyde + COt 
I +H*DPN 
Ethyl alcohol -f DPN 


phogly< 

Xi: 

tX 

ycenc i 

H 

»hoglyc« 

V' 

acid 

hyd( 

.1^ 


+ADP 

3-Phosphoglyceric acid + ATP 

H 

2-Pho8phoglycerio add 
±HjO 

(Enol) Phospbopyruvic add 
+ADP 


( 5 ) 

( 6 ) 

( 7 ) 

( 8 ) 
( 9 ) 

( 10 ) 

( 11 ) 

( 12 ) 


* Mg'*"*" or ions required. 

Abbreviations for the dialysable components: 

ATP adenosine triphosphate. DPN ■■ diphosphopyridine nucleotide. 

ADP adenosine diphosphate. Hg-DPN ">■ reduced diphosphopyridine nucleotide. 

K 2 HPO 4 ■■ inorganic phosphate. DPT diphosphothiamin. 

7 — reaction not proved definitely. 


Scheme IV. Alcoholic Fermentation by the Embden-Meyerhof-Parnas Scheme 
and the Cori Scheme for the Fermentation and Synthesis of Polysaccharides 
[From Meyerhof (1942-1943) and Cori (1942)]. 
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PO3H2), 3 -phosphoglyceric acid (H203P-0CH2*CH0H‘C00H), and 
phosphopyruvic acid (CH2:C0P03H2’C00H). The fact that all the 
reactions postulated by the Embden-Meyerhof-Parnas scheme take 
place at high velocities with enzyme preparations from yeast juice adds 
validity to this scheme and has resulted in general acceptance of the 
view that the reactions probably represent the course of events in 
the intact yeast cell. The Embden-Meyerhof-Parnas scheme consists 
of a series of phosphorylation, hydrolytic, and oxidation-reduction re¬ 
actions, many of which are in equilibrium. 

The outline of Scheme IV shows that at least twelve separate en- 
z3Tnes are involved in alcoholic fermentation, as well as five dialyzable 
components, without which some of the enzymes are unable to act. 
Several of the enzymes have been obtained as crystalline proteins 
from yeast juice, whereas others have been isolated in a highly purified 
state. Among the dialyzable components magnesium ions may be 
mentioned here; the others will be discussed as the separate reactions 
are taken up. Magnesium ions are needed, as the asterisks indicate 
in the scheme, whenever there is a transfer of a phosphate group 
within the molecule itself or from one molecule to another; Mg"^"^ ions 
can be replaced in all these cases by ions. 

Alcoholic fermentation begins with the phosphorylation of glucose 
by the coenzyme system discovered in 1930 to 1935 by Lohmann and 
known as adenosine triphosphate (ATP)—adenosine diphosphate 
(ADP)—^adenylic acid (AMP). This system was discussed in greater 
detail in Chapter 6. In brief, however, ATP is a compound made up 
of the purine base adenine, the five-carbon sugar ribose, and three 
phosphoric acid groups in pyrophosphate linkage; the reactive part 
of the molecule may be represented as follows: 

OH OH OH 

R—O—O-P—0—P—OH 

II II II 

0 0 0 

Two of the phosphate groups can be transferred successively to other 
compounds, but for simplicity the transfer of only one phosphate group 
is shown in the scheme. The enzyme responsible for the phosphate 
transfer to glucose is known as hexokinase; it is present in yeast in high 
concentration, is relatively stable, and can be obtained in partially 
purified form. Hexokinase is also present in animal tissues, but it is 
not so stable or as soluble in water as yeast hexokinase. 

In reaction 1 , glucose with the aid of hexokinase accepts a phosphate 
group from ATP and is thereby converted to glucose-6-phosphate, or 
the so-called Robison ester, while ATP, losing one phosphate group, is 
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changed to adenosine diphosphate (ADP). Fructose and mannose, 
two other sugars which are fermented by yeast, are also phosphory- 
lated in a similar manner on carbon atom six by ATP, as is shown in 
reaction 2, where glucose-6-phosphate and fructose-6-phosphate, as 
well as mannose-6-phosphate, are interconvertible through enzymatic 
action. These three sugars therefore follow the same course of fer¬ 
mentation once they have been phosphorylated. Another reaction in 
which ATP serves as a phosphate donor is 3, in which fructose-6-phos- 
phate is transformed to fructose-1:6-diphosphate, or the Harden- 
Young ester. These first three reactions show how the sugar esters 
which were discovered a number of years ago by Harden and Young, 
Robison, and Neuberg are formed during alcoholic fermentation. 

When the phosphorylation reaction was first discovered in alcoholic 
fermentation by Harden and Young, it was thought of as a process 
whereby the glucose was prepared for dissimilation; that is, the intro¬ 
duction of two phosphate groups into the glucose molecule to form 
hexose diphosphate was believed to develop lines of cleavage of the 
molecule into two triose phosphates. It is now clear, however, that in 
addition phosphorylation is a very important reaction in several stages 
of cellular metabolism by all types of cells (yeasts, bacteria, and plant 
and muscle tissues), since it results in the accumulation at the PO 4 - 
linkage of large quantities of energy which can be utilized by the cell 
[see reviews by Lipmann (1941) and Werkman and Wood (1942)]. 

Since ATP, the phosphate donor in reactions 1 and 3, is generally 
present in only small amounts in yeast cells and other tissues, it is 
obvious that, if it is used up in these reactions, there must be a mechan¬ 
ism present for its regeneration; otherwise fermentation would soon 
stop. We see in reactions 7 and 10 that this is actually the situation, 
since ADP is converted back to ATP. Therefore during alcoholic 
fermentation there is a continuous interchange of phosphate between 
ATP and ADP. It is of interest to mention here that in animal tissues 
ATP may donate phosphate to creatine with the aid of the enzyme 
phosphorylase, thus forming AMP and creatine phosphate, which serves 
as a reservoir of phosphate: 

Adenosine triphosphate + 2 Creatine 

(ATP) 

Adenosine monophosphate + 2 Creatine phosphate 

(Adenylic add or AMP) 

At present there is little or no evidence to indicate that yeasts and bac¬ 
teria use this method to store phosphate. It has been shown by Parnas 
and his associates, however, that yeast can rapidly phosphorylate 
adenosine (adenine + ribose) to form adenosine-6'-monophosphate 
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(adenylic acid), but that animal tissues cannot. Thus the cells of 
microorganisms may not have to store phosphate in the form of crea¬ 
tine phosphate, if they can synthesize their own organic phosphate 
Goenzymes. 

After the phosphorylation of glucose (or mannose or fructose) an in¬ 
teresting cleavage takes place (reaction 4). By hydrolysis and rear¬ 
rangement the hexose diphosphate molecule is split, forming a molecule 
of glyceraldehyde phosphate and one of dihydroxyacetone phosphate, 
as is indicated in the following equation: 


HO' 


CH2OPO3H2 

io 

in 


HCOH 

I 

HCOH 




H2OPO3H2 


Fruotose-l-O- 

diphosphate 


CH2OPO3H2 

I 

CO 

1 

Aldolase CH 2 OH 

+ 

CHO 

I 

HCOH 

I 

CH2OPO3H2 

3-Glyceraldehyde 

phosphate 


Isomerase 


CH2OH 

I 

CO 

I 

CH 20 P 03 H 2 

Dihydroxyacetone 

phosphate 


As the arrows show, this is an equilibrium reaction, and only the concen¬ 
tration of the participants causes it to progress toward fermentation. 
The two enzymes involved in the splitting of hexose diphosphate into 
triose phosphate and the interconversion of the two isomeric trioses are 
aldolase and isomerase, respectively. In addition to being present in 
yeast and muscle tissues, these two enzymes have been demonstrated 
in bacteria by Utter and Werkman (1941). 

Up to this point we may say that the glucose molecule has been re¬ 
arranged to an active form which can undergo oxidation-reduction. 
One of the essential features of fermentation is an oxidation-reduction 
reaction, and these triose phosphates are the starting points for the 
oxidation-reduction reactions which follow. Reactions 5 and 6 are the 
oxidative portion, mediated by diphosphopyridine nucleotide, and 
consist of the change of the aldehyde group of 3-glyceraldehyde phos¬ 
phate to carboxyl group, thus forming glyceric acid phosphate. On 
the other hand, the reductive portion is shown in reaction 12, where 
acetaldehyde^ accepts two hydrogen atoms from reduced diphos- 


* In muscle glycolysis pyruvic acid serves as a hydrogen acceptor and in so doing 
is converted to lactic acid, or acetaldehyde may react immediately with a second 
molecule of P 3 rruvic acid to form an intermediate compound which is decarboxyl- 
ated to acetylmethylcarbinol [Green, Westerfeld, Vennesland, and Knox (1941, 
1942)J; 

CH»-CO COOH + CHs CHO CHs-CO CHOH CH, + CO* 
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phopyridine nucleotide (H 2 -DPN) and is thereby converted to ethyl 
alcohol. 

The mediator of reaction 6, as we have just stated, is the cozymase of 
Harden and Young, the chemical nature of which has been elucidated 
by von Euler, Warburg, and others (see Chapter 6). Cozymase or, 
more correctly, diphosphopyridine nucleotide (abbreviated DPN) can 
exist in an oxidized and in a reduced form, owing to a change in valency 
of the pyridine nitrogen. In the oxidized state the nitrogen has a 
valence of five and displays a positive charge which is neutralized by 
a negative charge of one phosphate group. In the reduced state the 
nitrogen becomes trivalent, since two hydrogen atoms are taken up, 
one going to the pyridine ring and the other forming a free hydrogen 
ion on the phosphate group: 


H 

C 

/ \ 

HC CONH2 

II I 

HC CH 

x+z- 

N -0 

\ I 

R—O—P—ORi 


H 

C 

+2H HC CONH2 

;=± II I 

-2H HC CH2 

\ / 

N ( 


R—O—P— 0 —Ri 


0 

DPN 

R = Pentose (ribose) 


0 

HrDPN 


Ri = Adenosine-5'-phosphoric acid 


In reaction 6 glyceraldehyde is oxidized to an acid, whereas diphos¬ 
phopyridine nucleotide (DPN) is reduced to H 2 -DPN. The reduced 
pyridine nucleotide is reoxidized in reaction 12 and thus can again enter 
into reaction 6. Therefore in addition to the turnover ATP ^ ADP, 
which has been mentioned, there also occurs a continuous shuttle 
between DPN H 2 -DPN during fermentation. 

Let us now examine reactions 5 and 6 more closely to see how the 
oxidation of the aldehyde group is accomplished. A classical way to 
show the oxidation of an aldehyde group to a carboxyl group is first 
to add the elements of water to form an aldehyde-hydrate intermediate, 
followed by the removal of two hydrogens: 
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Since such a reaction is usually irreversible, this example does not 
fit in alcoholic fermentation. It has been observed by several workers, 
however, that the rate of the enzymatic reactions 5 and 6 is actually 
dependent upon the concentration of inorganic phosphate in the 
medium, and that in dialyzed yeast juice these reactions do not occur 
at all without the addition of inorganic phosphate. Therefore it is at 
this point in the fermentation that inorganic phosphate enters the 
system, and what apparently happens is that phosphate replaces 
water in the oxidation of the aldehyde group: 


H 

[h 

• OH 

OH 

1 HO, ^OH 


li 1 

0 1 

(;;s=Q = Q — 

c—o' 

-P =0 

“*211 ^ Q — Q_ p — 

1 HO^ 

1 

1 

1 1 

R 

R 

OH 

R OH 


If R in this case represents the rest of the 3-glyceraldehyde phosphate 
molecule, then the addition of phosphoric acid to the aldehyde portion 
of the molecule gives the intermediate 1,3-diphosphoglyceraldehyde, 
which in turn may be dehydrogenated by DPN to give 1,3-diphos- 
phoglyceric acid (reaction 6). This compound has actually been iso¬ 
lated by Warburg and Christian, a fact which adds additional support 
to the foregoing scheme. It should be mentioned, however, that Meyer¬ 
hof (1943) has been unable to demonstrate the independent existence 
of a diphosphoglyceraldehyde; thus the assumption made by Warburg 
and Christian must await further study before it can be accepted as 
final. 

In reaction 7 we see that the carboxyl phosphate of l,3-dipho8phogly- 
ceraldehyde is removed with the formation of 1,3-diphosphoglyceric 
acid and that ADP accepts this phosphate. Therefore the over-all 
reaction (consisting of 5, 6, and 7) may be written: 

H 0 

I / 

C =0 + H3PO4 + DPN + ADP C + H2-DPN + ATP 

I l\ 

R R OH 

This fermentation reaction accomplishes two things: (1) It provides for 
the entrance of inorganic phosphatp into the system and thus provides 
a way for the regeneration of ATP; and (2) it starts the hydrogen 
transfer by way of the pyridine nucleotide (DPN). Another interesting 
point about this reaction is that it is reversible, and therefore it makes 
possible synthetic reactions for the building up of reserve sugars from 
smell molecules. 
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According to the original view of Embden and Meyerhof, during the 
initial stages of fermentation (the so-called induction period), before 
acetaldehyde or pyruvic acid is formed, two molecules of triose phos¬ 
phate undergo a self-oxidation and reduction (that is, a dismutation 
or Cannizzaro reaction) leading to the production of one molecule 
of a-glycerophosphate and one molecule of 3-phosphoglyceric acid: 


CH 2 OH 

^HOH 


HOH 


^ iH20P0sH» 

/Ha a-Qlyceropho0phate 

+ CHOH ^ 

<!:H20P03H2 <!3H20P08hN^ cooh 

<[:hoh 


CH 2 OH 

( 1}=0 


CHO 

(Ijhoh 




Dihydrozyacetone 3-Glj_ 

phosphate phosphate 


DHzOPOsHz 

3-Phosphoglycerio acid 


Glycerol -f H 3 PO 4 


This reaction may take place under certain conditions in alcoholic 
fermentation, but it is considered less important now than when it was 
first proposed, because, as we have shown, another phosphate inter¬ 
mediate may be formed between 3-glyceraldehyde phosphate and 
3 -phosphoglyceric acid. 

The characteristic intermediate of the Embden-Meyerhof-Pamas 
scheme is 3-phosphoglyceric acid, since it is the mother substance of 
ethyl alcohol. As is shown in reaction 8, the enzyme phosphomutdse 
causes a shift of the phosphate group from the third to the second 
carbon atom, forming 2-phosphoglyceric acid: 

COOH COOH COOH 

I Fhosphomutase [ Enolase | 

CHOH . > CHOPO3H2 7—» COPO3H2 + H2O 

I i li 

CH2OPO3H2 CH2OH CH2 

3'Phosphoglycerio acid 2-Phosphoglyoerio acid (Enol) Phosphopyruvio acid 


Then 2-phosphoglyceric acid undergoes a change catalyzed by the 
enzyme enolase, with the formation of phosphopyruvio acid and water 
(reaction 9). The enolase of yeast and animal tissues is a magnesium 
protein complex. Warburg and Christian (1941) crystallized it as 
the mercury salt and then removed the mercury by dialysis against 
HCN. The free protein was found to be inactive, but it became active 
when magnesium, manganese, or zinc was added. This enz 3 ane is 
highly sensitive to fluoride when phosphates are also present, forming 
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an inactive magnesium fluoride-phosphate complex with the protein. 
Thus one of the most specific inhibitions of fermentation can now be 
explained by this reaction. 

In reaction 10 we see that phosphopyruvic acid donates its phosphate 
group to adenosine diphosphate (or adenosine monophosphate), which 
becomes adenosine triphosphate, the compound which originally 
phosphorylated the hexose: 

Phosphopyruvic acid + Adenosine diphosphate --*■ Pyruvic acid + Adenosine triphosphate 
(ADP) (ATP) 

2>PhoBphopyTuvio acid -f* Adenosine monophosphate 2-Pyruvic acid + Adenosine triphosphate 

(Adenylic acid or AMP) (ATP) 

Therefore, adenosine diphosphate and adenylic acid can act as de- 
phosphorylating agents, and adenosine diphosphate and adenosine 
triphosphate, as phosphorylating agents, in the presence of the appro¬ 
priate enzymes. Another interesting point about the foregoing reaction 
is that, aside from the carboxylase reaction (the splitting of pyruvic 
acid into acetaldehyde and CO 2 ), it is the only irreversible reaction of 
fermentation. This point is important, because phosphopyruvic acid 
can be synthesized from lactic acid and transformed into glycogen by a 
reversal of the corresponding glycolytic breakdown. This synthesis, 
however, does not proceed directly from pyruvic acid to phospho¬ 
pyruvic acid but probably takes the following path [Meyerhof (1943)]: 

Pyruvic acid + Carbon dioxide 
—> Oxalacetic acid + Phosphoric acid 
Phosphooxalacetic acid 
—> Phosphopyruvic acid + Carbon dioxide 

Up to and including reaction 10, the reactions in yeast fermentation 
and in muscle glycolysis have been shown to be essentially alike. The 
same dialyzable components are needed in both, and some of the en¬ 
zymes can actually be interchanged without disturbing the sequence 
of these reactions. From this point, however, the two interesting proc¬ 
esses differ. Yeast contains the specific enzyme carboxylase which, 
with the aid of diphosphothiamin (DPT), decarboxylates pyruvic 
acid to acetaldehyde and carbon dioxide: 

Pyruvic acid + DPT > Acetaldehyde + CO 2 

This reaction is the source of the carbon dioxide formed during fer¬ 
mentation and provides the acetaldehyde, which then undergoes re¬ 
duction at the expense of reduced pyridine nucleotide (H 2 -DPN) to 
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ethyl alcohol (reaction 12). Animal tissues do not have the specific 
enzyme carboxylase, and they are therefore unable to form acetalde¬ 
hyde by this means. In such cases diphosphothiamin (cocarboxylase) 
is linked to another enzyme which initiates the oxidation of pyruvic 
acid to lactic acid, or it functions in a reaction where acetaldehyde 
and pyruvic acid rapidly condense to form acetylmethylcarbinol 
[Green, Westerfeld, Vennesland, and Knox (1942)]: 

CH3 CO COOH + CHs-CHO CH3 CO CHOH CH3 + CO2 

Although the role played by diphosphothiamin in lactic acid forma¬ 
tion is not clear, pyruvic acid in some way accepts hydrogen from re¬ 
duced pyridine nucleotide (H 2 -DPN) and is thereby reduced to 
lactic acid. In the lactic acid bacteria the reaction is similar to that in 
muscle tissues, in that pyruvic acid is the hydrogen acceptor [see 
Werkman and Wood (1942)]. If acetaldehyde is removed from the 
system by “fixation” with a binder such as sulfite, alcohol is not formed 
as shown in reaction 12. Then another molecule of glyceraldehyde 
phosphate may accept hydrogen from H 2 -DPN to form a-glycero- 
phosphate: 

CH2OH 

I 

CHOH +H3PO4 
CH2OH 

Glycerol Phosphoric 
acid 

The a-glycerophosphate may then be hydrolyzed by the enzyme 
phosphatase to glycerol and phosphoric acid, a reaction which demon¬ 
strates how glycerol is formed during alcoholic fermentation. The 
various biochemical methods for producing glycerol actually make use 
of this fixation process. 

The purpose of the twelve enzymatic reactions in Scheme IV is to 
provide energy for the yeast cells, especially in an environment of 
oxygen want. In the conversion of glucose to alcohol there is a de¬ 
crease in the energy content of the system, and a large part of the differ¬ 
ence in energy content is utilized by the fermenting yeast cells for 
growth and for other synthetic processes. That anaerobic reactions of 
this nature are comparatively inefficient for providing energy is known 
by the fact that six times as much energy can be obtained by the cell 
from the complete combustion of glucose to water and carbon dioxide 
as from its fermentation to alcohol. I^et us digress therefore for a 
moment and inquire what happens to the fermentation process if an 
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excess of oxygen is made available. When glucose is the substrate 
undergoing aerobic dissimilation by intact yeast, the initial phosphoryl¬ 
ation reactions and the first oxidation (glyceraldehyde phosphate to 
glyceric acid phosphate)-reduction (DPN to H 2 DPN) reaction are 
the same as in fermentation. At this point, however, the similarity 
ceases. The reduced pyridine nucleotide reacts with an enzyme which 
belongs to the class of flavoproteins or yellow enzymes, instead of 
reacting with acetaldehyde as it does in alcoholic fermentation. This 
yellow enzyme shuttles between an oxidized and a reduced form and 
thereby transports hydrogen by way of the cytochrome-cytochrome 
oxidase system to molecular oxygen. Such a transfer reoxidizes the 
reduced pyridine nucleotide so it can again enter into reaction 6. If the 
fermentation has been in progress before the oxygen is added, some 
pyruvic acid and acetaldehyde will be formed; but, since they cannot 
compete with oxygen as a hydrogen acceptor, they are disposed of by 
oxidation through the intervention of catalysts, which in turn finally 
react with oxygen through the cytochrome-cytochrome oxidase system. 

Although the foregoing reactions account for the main products in 
alcoholic fermentation by yeasts, they do not account for them all. 
Other substances, such as formic, acetic, and succinic acids, 2:3-buty¬ 
lene glycol, fusel oil, and other compounds, have been shown to occur 
as by-products (see Table 4). Reactions have been suggested to 
account for these products, but in some cases they have not been proved 
experimentally. For example, acetic acid may arise from the dismu- 
tation of acetaldehyde as suggested by Neuberg, or it may be formed 
from pyruvic acid by the following reaction, which would also account 
for formic acid: 

CHg-CO-COOH + H2O CHs-COOH + HCOOH 

Succinic acid has been thought to arise from glutamic acid during 
fermentation through the following scries of changes [see Harden 
(1932)]: 

HOOC • CH2 • CH2 • CH(NH 2 ) • COOH Glutamic acid 
NH3 i HOOC • CH2 • CH2 • CO • COOH o-Ketoglutaric 

i 

CO 2 *4” HOOC * CH 2 • CH 2 • CHO Succinic semialdehyde 

I 

HOOC •CH2CH2-COOH Succinic acid 

However, more recent studies by Wood and Werkman at Ames show 
that succinic acid may also arise from pyruvic acid by the so-called 
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carbon dioxide fixation reaction: 


CO2 + HCHj-CO COOH ?:± COOH-CHa -CO COOH 

Pyruvic acid Oxaloacetic acid 

HOOC CH2 CO COOH + 4 H HOOC CHg CHg-COOH + H2O 

Oxaloacetic acid Succimc acid 

It has been suggested by Kluy ver (1931) and by others that 2,3-butyl¬ 
ene glycol may arise in fermentations by the condensation of two mole¬ 
cules of acetaldehyde to form acetylmethylcarbinol, which is then re¬ 
duced to 2,3-butylene glycol: 

CH3CH0 + 0HCCH3 -> CH3COCHOHCH3 

Acetaldehyde Acetylmethylcarbinol 

CH 3 • CHOH • CHOH • CH 3 

2:3-ButyleDe glycol 

It is also probable that acetylmethylcarbinol, the precursor of 2:3-bu- 
tylene glycol, arises from a condensation of pyruvic acid and acetalde¬ 
hyde, as suggested by Green, Westerfeld, Vennesland, and Knox 
(1941, 1942). The reaction may be written as follows: 

CHa-CO-COOH + OCH-CHa CHa-CO-CHOH-CHa + CO2 


The composition of the fusel oil formed in alcoholic fermentation has 
already been mentioned (see Table 3). Although little experimental 
evidence is available concerning the source of the compounds which 
make up fusel oil, it is believed that certain of them arise from nitrogen 
metabolism on the part of the yeast. For example, amyl alcohol 
and isoamyl alcohol may be derived from the hydrolytic decarboxyla¬ 
tion and deamination of the amino acids isoleucine and leucine, re¬ 
spectively: 


CH, 

\ 

CH-CH(NH2)*C00H + H 2 O 

/ 

CHs-CHj 

Isoleucine 

CHa 

\ 

CH-CHj-CH(NH 2)COOH + HjO 

/ 

CH, 

Leucine 


CH, 

\ 

CHCHjOH + CO, + NH, 

/ 

CHjCH, 

Amyl alcohol 

CH, 

\ 

CHCH,CH,OH + CO, + NH, 

/ 

CH, 

Isoamyl alcohol 


Before we leave this subject, brief mention should be made of the 
mechanism involved in the conversion of glucose to polysaccharide, 
because it may be used to illustrate reversible enzymatic reactions. 
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When yeast cells are abundantly supplied with glucose and at the same 
time aerated, they are able to store glucose in the form of a reserve 
polysaccharide which closely resembles glycogen. The synthetic 
reactions involved in this process are listed in Scheme IV and may be 
written as follows: 

Glucose + ATP- > Glucose-6-phosphate + ADP 

Phosphoglucomutase 

Glucose-6-phosphate < ^ Glucose-l-phosphate (Cori ester) 

Phosphorylase 

Glucose-l-phosphate ^ ^ Polysaccharide + Phosphate 

The first reaction which is catalyzed by the enzyme hexokinase has 
been discussed, and it may be seen that this reaction initiates any 
further transformation of the glucose molecule, whether it be alcoholic 
fermentation, oxidation, or polymerization to a polysaccharide. In 
order for glucoso-6-phosphate to be converted to glycogen it must 
first undergo a molecular rearrangement in which the phosphate group 
migrates from the six to the one position of the glucose molecule. 
This reversible reaction is catalyzed by the enzyme phosphogluco¬ 
mutase, which occurs in yeasts and many plant and animal tissues. 
The enz 3 ane phosphorylase, which catalyzes the last reaction, has been 
studied in some detail by Cori and his associates in this country, 
Hanes (1940) in England, and others. It has been found in yeasts, 
potatoes, and other polysaccharide-containing plant tissues, and it has 
been isolated in a highly purified crystalline form from rabbit muscle 
by Green, Cori, and Cori (1942, 1943); it is a protein with a molecular 
weight between 340,000 and 400,000 and contains adenylic acid as a 
prosthetic group. Phosphorylase exhibits the interesting property of 
being able to place a large number of glucose-l-phosphate molecules 
into one large polysaccharide molecule while phosphate is being split 
off. On the other hand, in the reverse reaction the enzyme catalyzes 
the union of polysaccharide and inorganic phosphate in such a way 
that the large polysaccharide molecule is broken down into smaller 
glucose-l-phosphate molecules. 

Many of the reactions mentioned in this brief discussion of the mech¬ 
anism of alcoholic fermentation and polysaccharide synthesis are known 
to occur in bacteria. For example, phosphorylation reactions have 
been demonstrated on several occasions, and phosphoglyceric acid 
has actually been isolated during the dissimilation of glucose by bac¬ 
teria. Furthermore, the aldolase and isomerase equilibria have been 
shown to exist in bacteria [see the review by Werkman and Wood 
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(1942)]. Although most bacteria do not form ethyl alcohol as the prin¬ 
cipal end product during sugar dissimilation, it can be assumed that 
they are endowed with additional enzyme systems which provide for 
alternate pathways of dissimilation of some of the intermediate com¬ 
pounds. 

Important Uses of Industrial Alcohol. So widespread is the use 
of ethyl alcohol that, next to water, it is regarded as the most important 
chemical employed today. Figure 3 shows some of the more important 
uses of industrial alcohol. Ethyl alcohol also has several wartime uses 
which augment its importance. For example, it is used as a partial 
solvent in the manufacture of smokeless powder and as a basic raw 
material in the synthesis of butadiene, a component of the synthetic 
rubber, Bima S. It is employed as a raw material in the manufacture of 
ethylene, which in turn is important in the synthesis of mustard gas 
and in the production of styrene, another component of Buna S 
[Keyes (1943)]. 

GLYCEROL FERMENTATION 

Glycerol (from the Greek glykeros, sweet) is an odorless, colorless, 
sirupy liquid with a sweet taste. Chemically it is a trihydric alcohol 
having the formula CH20H-CH0H‘CH20H. It w^as first prepared 
from fats and oils by Scheele about 1779. 

Although most commercial glycerol is prepared from fats and oils 
during the making of soaps, or from synthetic processes, it can be 
manufactured by fermentation methods. As early as 1858 Pasteur 
found that glycerol was formed during alcoholic fermentation by yeast 
to the extent of about 3.5 per cent, on the basis of the weight of sugar 
fermented. However, it was not until World War I that industrial 
methods were worked out for its production by Connstein and Liidecke 
and Zemer in Germany, Cocking and Lilly in England, and Eoff, 
Linder, and Beyer in the United States. Although these workers were 
the originators of the fermentation processes for the manufacturer of 
glycerol, the merit for having recognized such possibilities must be 
ascribed to Neuberg and Reinfurth (1918). While these workers were 
conducting experiments on aldehyde fixation with sodium sulfite in an 
effort to elucidate the mechanism of alcoholic fermentation, they dis¬ 
covered that such a fixation increased greatly the amount of glycerol 
formed; for example, under normal conditions only about 3.5 per cent 
glycerol is formed, but they observed that five to ten times this quantity 
was produced when sulfite was added to the fermentation mixture 
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The following reaction was given to account for the chemistry of the 
process: 

0^01206 “f* Na 2 S 03 “f" H 2 O —► 

Gluoose Sodium eulfite 

NaHCOs + CHa-CHONaHSOa + CsHgOs 

“Fixed” aoetaldehyde Glycerol 

which cannot 
undergo normal 
reduction to alcohol 

Other details of the course of events occurring in the so-called Neuberg 
scheme will be found in the discussion of the mechanism of alcoholic 
fermentation. 

Outline of the Industrial Fermentation Processes. Three well- 
known fermentation processes for the production of glycerol were 
worked out during or soon after World War I, and modifications of 
them are still being patented [see Haehn (1938), Walmesley (1939), 
I. G. Farbenindustrie (1942)]. The extent to which these processes 
are being used today is not known definitely, but it is certainly much 
less than a decade or two ago, because of the comparatively plentiful 
supply of fat products and the increased use of synthetic methods for 
the manufacture of glycerol. Duchenne (1942), however, has calcu¬ 
lated that a cane sugar factory producing 8,000 tons of molasses a year 
can manufacture 6 tons of glycerol per day by fermentation methods. 
This fact suggests that certain by-products may be used for glycerol 
fermentation. 

The fermentation methods so far described for the production of 
glycerol are very similar in that the basal medium contains a fermenta¬ 
ble sugar and usually nutrient salts, yeasts are used to produce the 
fermentation, and fixative agents are added at various intervals during 
the fermentation to bind the aldehyde or other products and increase 
the yield of glycerol. For complete details of these processes and their 
modifications the original articles cited on pp. 928 to 930, the mono¬ 
graph by Lawrie (1928), and the articles by Duchenne (1942) and 
Lees (1944) should be consulted. 

The Connstein-LOdecke (German Sulfite) Process. Early in 
World War I the Germans realized that there would be a serious short¬ 
age of glycerol for explosives and, utilizing the facts presented by 
Neuberg and his associates, worked out the technical production, of 
glycerol by fermentation; the details of the process were kept secret 
until after the war, when Connstein and Liidecke (1919) and Zemer 
(1920) published their results (see Table 6). The basis of the process 
is that acetaldehyde is fixed by sodium sulfite (see Scheme III, p. 914): 

CHa-CHO + Na2S03 + CO 2 + H 2 O 

CHa-CHOHSOaNa + NaHCOa 
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Therefore, the reduction of acetaldehyde to alcohol is partially or com¬ 
pletely prevented, and glycerol accumulates in a greater quantity than 
it does in normal alcoholic fermentation. 

In order to recover and purify the glycerol, the raw fermented slop 
was distilled to remove the acetaldehyde and alcohol. The sulfite in 
the residue was precipitated as calcium sulfite by the addition of cal¬ 
cium chloride and was filtered out. The excess calcium remaining in 
the filtrate was removed as calcium carbonate by the addition of sodium 
carbonate. Technically pure glycerol was then obtained after evapo¬ 
ration by distillation under reduced pressure. During World War I 
the plants in operation in Germany produced about 1,000 tons of glyc¬ 
erol per month by this process. 

The Cocking-Lilly (Sulfite-Bisulfite) Process. This process 
was developed in England by Cocking and Lilly and patented in 1921 
[see Lawrie (1928)]; it is a modification of the sulfite method of Conn- 
stein and Liidecke in that neutral mixtures of sodium sulfite and 
sodium bisulfite are added to the fermenting mash to produce the 
following reaction: 

NasSOa + NaHSOa + CO 2 + H 2 O 2 NaHS 03 + NaHCOg 

This reaction results in the production of twice the amount of bisulfite 
that occurs when sulfite is added alone. Therefore, more of the acetal¬ 
dehyde is fixed at an earlier stage in the fermentation, and larger 
amounts of glycerol are formed (see Table 5). A modification of this 
process has recently been proposed by Duchenne (1942) (see Table 6). 

The Eoff-Linder-Beyer (American Sodium Carbonate) Proc¬ 
ess. This process was developed during World War I by Eoff, Linder, 
and Beyer (1919), but it was never used to manufacture glycerol for 
war purposes. Eoff and his associates, however, carried out a few 
small-plant-scale fermentations at the glycerol refinery of William F. 
Jobbins, Inc., Aurora, Illinois, and on a 15,000-gal. scale were able to 
get glycerol yields of 18 to 25 per cent. The process was based on 
Neuberg^s results (see Scheme II on p. 914) in using an alkaline 
medium for the alcoholic fermentation of sugars. Sodium carbonate 
in the form of soda ash was used to neutralize the acetic acid and other 
acids formed, although potassium carbonate, sodium and potassium 
hydroxides, sodium perborate, and other alkaline-producing substances 
gave favorable results. 

The Mechanism of Glycerol Fermentation. The first explana¬ 
tion of the mechanism of the formation of glycerol in the alcoholic 
fermentation of sugars by yeast was presented by Neuberg and Rein- 
furth (1918). As we have already mentioned, they showed that acetal¬ 
dehyde was drawn into a complex combination with sulfite or other 
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Figures are only approximate, since in certain cases they were not all obtained in the same experiment. 
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fixatives and therefore was not so easily reduced to alcohol as was free 
aldehyde formed transitorily during normal fermentation. The hy¬ 
drogen remaining free then attached itself to another acceptor which 
underwent reduction to glycerol; this second acceptor was not identified 
by Neuberg and his associates. More recently our information on the 
intermediate products occurring during alcoholic fermentation has 
expanded, and, according to Negelein and Bromel (1939), glycerol is 
formed when the natural oxidation reaction: 

Dihydropyridine nucleotide phosphate + Acetaldehyde 

(Reduced coenzyme I) 

Pyridine nucleotide phosphate + Alcohol 

(Oxidized coenzyme I) 

is interrupted by the binding of aldehyde and the following reaction 
takes place: 

Dihydropyridine nucleotide phosphate + Triosephosphate —> 

(Reduced coenzyme I) 

Pyridine nucleotide phosphate + Glycerol (phosphate) 

(Oxidized coenzyme I) 

Important Uses of Glycerol. The uses of glycerol are extremely 
varied; in fact, Lawrie (1928) lists over ninety products of which 
glycerol is a constituent, and new uses are continually being found. 
For example, it is employed in the manufacture of explosives, as a 
sweetening agent, as an antifreezing agent, and as a constituent of 
perfumes, ink, adhesives, modeling clays, shoe polishes, lotions, and 
linoleum. 

OTHER YEAST FERMENTATION PRODUCTS 

Certain yeasts can be employed to prepare Z-acetylphenylcarbinol, 
which in turn may be used to synthesize the alkaloid drug Z-ephedrine 
[see Tauber (1943)]: 

CeHs CHOH CO-CHa + CH3 NH2 

i-Acetylphenyl Methyl- 

oarbmol amine 

C 6 H 5 CH 0 H C;N CH3 > CeHs CHOH CH NH CHs 

I Catalyst i 

CH3 CHs 

2-Ephedrine 

This process has been patented by Hildebrand and Klavehn (1934), 
who reported that 25 to 45 g. of Z-ephedrine hydrochloride can be 
obtained by special catalytic treatment of 120 g. of Neuberg^s oil 
fermentation product (containing about 27.4 per cent Z-acetylphenyl* 
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carbinol) and 10 g. of methylamine. The product obtained by this 
means is identical in every respect with the natural Z-ephedrine ex¬ 
tracted from the Chinese plant, ma huang. 

TABLE 6 

Approximate Production of Alcoholic Beverages (Beers, Wines, and 
Distilled Spirits) in Gallons in the United States for the Fiscal Years 
1939 AND 1941 to 1944 

(Data from United States Treasury Department, Bureau of Internal Revenue, 
Alcohol Tax Unit, Washington, D. C.; United States Brewers’ Association, New 
York; Wine Institute, San Francisco; Distilled Spirits Institute, Washington, 

D. C.) 


Alcoholic Beverage 

1939 

1941 

1942 

1943 

1944 

Malt-beverages (beers), 
gallons ♦ 

1,669,987,143 

1,711,629,350 

2,158,732,085 

2,326,295,924 

2,531,195,539 

Wines, gallons f 

Still wines t 

231,969,287 

286,371,423 

313,706,263 

195,188,152 

264,852,755 

Sparkling wines § 

417,735 

1,138,164 

1,536,344 

1,272,487 

1,886,972 

Distilled spirits, as tax 
gallons U 

Whisky 

93,033,917 

121,851,983 

120,257,424 

19,529,698 


Rum 

2,442,689 

2,614,946 

3,106,125 

2,314,227 

2,212,456 

Qin 

6,279,119 

5,177,357 

6,344,966 

1,449,146 


Brandy 

27,446,296 

26,363,877 

29,273,293 

16,623,903 

21,590,999 

Other spints (cor¬ 
dials, liqueurs, etc.) 

16,164,165 

20,200,583 





* Data usually reported as 31>gal. barrels, 
t Standard wine gallon of 231 cu. in. 

t Amount of material removed from fermenters, including that to be used for distilling purposes. 
i Data usually reported as half-pint units. 

II The tax on distilled spirits is collected on the basis of proof gallons for spirits of 100 proof or 
over and on the basis of wine gallons for spirits of less than 100 proof. The proof of spirits is twice 
the percentage of the content (by volume) of ethyl alcohol; spirits containing 60% of ethyl alcohol 
by volume under standard conditions are thus 100 proof. A standard proof gallon is a wine gallon 
^f 100 proof spirits. 


Yeast enzymes may be employed in the preparation of fructose- 
1:6-diphosphate, 3-phosphoglycerate, and other intermediate com- 
poimds which occur during alcoholic fermentation [see Tauber (1943)]. 

We have already mentioned that yeasts play a most important role 
in numerous other industries. For example, they are used in the man- 
. ufacture of malt beverages (beers), wines, distilled liquors, and other 
alcoholic beverages. Some idea of the size of these industries will be 
realized by observing the production figures compiled in Table 6. 

Frey (1630) and Frey, Kirby, and Schultz (1936) state that ap¬ 
proximately 230,000,000 lb. of yeast are produced annually in the 
United States. Most of this quantity is used in bread-making and as a 
source of vitamins; however, some of it is employed to prepare gluta¬ 
thione, nucleic acid and its decomposition products, soluble proteins 
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or extracts for food purposes, enzymes, and several other substances. 
Certain species of yeast are also employed in Germany and other coun¬ 
tries as a source of fats. 

Since many of the products mentioned cannot be regarded as pure 
chemicals, their manufacture will not be discussed here. For addi¬ 
tional reading on this subject the books by Prescott and Dunn (1940) 
and Tauber (1943) should be consulted. 

B. BACTERIAL FERMENTATIONS 

Several organic compounds are now produced industrially by bac¬ 
terial means, and in the future greater use may be made of such methods 
to manufacture a variety of substances. At present not all the bac¬ 
terial fermentations described below are carried on at an industrial 
scale; in fact, certain ones are of only academic interest. For some of 
these, however, experimental or pilot-plant methods are available 
should it be necessary to use them under conditions of unusual demand. 

It is usually convenient to allocate the bacterial fermentations to 
the following two groups, based upon their relationship to atmospheric 
oxygen: 

I. Anoxidative (anoxybiontic) h(wtenal fermentaiionSf which are essen¬ 
tially anaerobic or microaerophilic in character. Included in this 
group are: lactic acid fermentation, propionic acid fermentation, colon- 
typhoid-dysentery fermentations, 2:3-butylene glycol fermentation, 
butyric acid fermentation, butanol-acetone fermentation, butanol- 
isopropyl alcohol fermentation, ethyl alcohol-acetone fermentation, 
and miscellaneous anaerobic fermentations. 

II. Oxidative (oxybiontic) bacterial fermentations^ which are pri¬ 
marily aerobic in nature. These include: acetic acid fermentation, 
Z-sorbose fermentation, dihydroxyacetone fermentation, gluconic acid 
fermentations, d-tartaric acid fermentation, and miscellaneous aerobic 
dissimilations. 

These bacterial fermentations will now be discussed briefly in the 
foregoing order. 

/. Anoxidative (Anoxybiontic) Bacterial Fermentations 
LACTIC ACID FERMENTATION 

Lactic acid, or a-hydroxypropionic acid (CHa-CHOH-COOH), 
was first discovered by Scheele in 1870 and is one of the oldest-known 
organic acids. Although it was first isolated from sour milk, it has 
since been found to be very widely distributed in nature. Since lactic 
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acid contains an asymmetric carbon atom, it exists in two optically 
isomeric forms. The form of the acid commonly known as sarcolactic 
occurs in blood and has a (+) rotation but the ^-configuration. It is 
therefore correctly designated as Z-(+)-lactic acid, and its mirror 
image as d-(—)-lactic acid, but commercial technology makes no 
distinction. In fact, the lactic acid of commerce is usually the racemic 
mixture. Both of these isomers occur freely in nature. 

Lactic acid can be produced by purely chemical means or by fer¬ 
mentation methods [Peckham (1944)]. Chemically it may be prepared 
in a maximum of 50 per cent yield by the alkaline (KOH) degradation 
of hexose sugars under normal atmospheric conditions or in some¬ 
what greater yields by superimposed temperature (200® to 250®C.) 
and pressure (20 atm.), or it may be synthesized from the interaction 
of acetaldehyde and carbon monoxide in the presence of a catalyst 
at 130° to 200°C. under pressure (900 atm.). Since none of these ways 
is as yet adaptable to industrial practice, direct fermentation methods 
provide the sole commercial source of the acid, at least in this country. 

As early as 1881 C. E. Avery of Littleton, Massachusetts, produced 
lactic acid on a small technical scale by fermentation methods, but the 
process was uncertain for a number of years. However, in 1895 
Wehmer employed pure cultures of Lactobacillus delbrilckii in industrial 
operations at high incubation temperatures (about 50°C.) and obtained 
yields up to 90 per cent of theory. Since that time the industry has 
grown in size and importance. 

Before World War II the total world production of all grades of 
lactic acid was approximately 6,000 tons per year [Bernhauer (1939)]. 
Of this total the United States produced about 2,500 tons. During 
1942 and 1943 production in this country practically doubled [Peck- 
ham (1944)]. 

Lactic acid is now customarily marketed in four grades and in several 
concentrations in each grade. These include: 

1. Crude or technical grade lactic acid, usually sold in aqueous solu¬ 
tions of 22, 44, or 80 per cent concentrations, is used for deliming 
and plumping hides, for dyeing textile goods, and as flux for soft solders. 

2. Edible grade lactic acid, customarily sold at 50 or 80 per cent con¬ 
centrations, is used for a number of food purposes, for example, in 
confections, extracts, fruit juices and essences, and brines for packing 
green olives, pickles, and other products. It is used to acidify worts in 
the manufacture of beer, to remove the carbonate hardness of liquor, 
and to inhibit the development of butyric acid bacteria in the manufac¬ 
ture of yeast. 

3. Plastic grade lactic acid, also sold in 50 and 80 per cent concen¬ 
trations, is now widely used in the preparation of various plastics. 
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4. U.S.P. grade lactic acid, the best available quality, is marketed 
as 75 and 85 per cent concentrations. It is used mainly in the phar¬ 
maceutical industry as a modifier for cow^s milk for infant feeding and 
for many less familiar medical purposes. 

Many uses have also been found for certain salts and derivatives of 
lactic acid. For example, calcium lactate is used in some baking 
powders; sodium lactate is employed to aid in the retention of moisture 
by tobacco and other substances; and iron and copper lactates are 


LACTIC ACID FROM WHEY 



4* for case/n f/o^ sheets see No /S and Chem 6Metp 644, f9S4 


Whey 2.500 IA Hz 504 (100%) 58 1b 1 To produce 100 lb 

Ca (0H)2 !00 lb DirecMabor Less than 3 man-hr.j lacHc acid, 80%yield* 

•Note Oroitting acidification, 1251b of calcium lactate would be produced 


Fig. 4. Flow Sheet of Lactic Acid from Whey by Fermentation. (Courtesy, 
Chemical and Metallurgical Engineering^ McGraw-Hill Publishing Company.) 


used for various purposes. The methyl, ethyl, and butyl esters are in 
commercial use in the manufacture of inks, plastics, and lacquers. 
New uses are continually being found for lactic acid and its derivatives. 
The natural preservation of sauerkraut, pickles, silage, and certain 
cheese and milk products is due mainly to their lactic acid content. 

Outline of the Industrial Fermentation Process.^ The indus¬ 
trial production of lactic acid will be discussed under the following 
headings: (1) raw materials and their treatment; (2) choice of organisms 
and preparation of the starter; (3) fermentation of the mash; and (4) 
yield, recovery, purification, and separation into grades. Each of 
these steps has a marked influence on the yield and properties of the 
final product. Figure 4 is a flow sheet showing the steps in the manu- 

* For more complete details of the industrial production of lactic acid and its deriv¬ 
atives Garrett (1930), Whittier and Rogers G^^l), Olive (1936), Burton (1937), 
Smith and Claborn (1939), Prescott and Dunn (1940), and Peckham (1944) should 
be consulted. 


















936 


MICROBIAL FERMENTATIONS 


facture of lactic acid from whey. In general, the same procedure is 
used with other raw materials [see Peckham (1944)]. 

1. Raw Materials and Their Treatment. Any one of a variety 
of carbohydrate-containing materials can be used for lactic acid fer¬ 
mentation. The choice of material depends upon its availability, its 
fermentability with or without preliminary treatment, and its cost. 
In this country starch hydrolyzates, molasses, and whey are commonly 
used in the commercial manufacture of lactic acid; in Germany potato 
starch is usually employed; and in Italy whey, molasses, and sugar-beet 
juice are used. Wood sugar (xylose), Jerusalem artichoke tubers, and 
other carbohydrate substances have been employed experimentally 
but are not widely used today. 

Substances which contain glucose, sucrose, or lactose in their natural 
form require little or no preliminary treatment before fermentation, 
but polysaccharides, such as com and potato starch or Jerusalem 
artichokes, must first be hydrolyzed to maltose or glucose, or to 
levulose, respectively, by the action of amylases (malt or fungal) or 
acids before they can be fermented. 

Crude or technical grade lactic acid is generally manufactured from 
unrefined substrates, and some of the better grades are likewise made 
from crude materials and then purified. An alternative method for the 
better grades is to use refined sugar as a substrate, so that the lactic 
acid requires less purification. 

Many of the substrates we have mentioned are low in nitrogenous 
substances, growth factors, and inorganic ions which are required for 
the development of the various lactic acid bacteria. This is especially 
true of starch hydrolyzates and molasses. The addition of inorganic 
phosphate, sulfate, and other inorganic ions, together with such acces¬ 
sory nutrients as are found in malt sprouts, steep water, or thin grain 
residues, usually corrects these deficiencies [Stiles and Pruess (1938)]. 
Some of the known growth factors that are required by the lactic acid 
bacteria are mentioned in Chapter 7. 

2. Choice of Organism® and Preparation of the Starter. 
Several species of lactic acid bacteria can be used for the production of 
lactic acid commercially, and certain molds are also adaptable. The 
selection of the organism depends primarily upon the type of car- 

® Bergey*8 Manual (1939) should be consulted for information on the classifica¬ 
tion of the lactic acid bacteria into those (homofermentative) which produce pri¬ 
marily lactic acid from carbohydrates and those (heterofermentative) which form 
lactic acid and considerable amoimts of by-products (CO 2 , alcohol, acetic acid; 
mannitol from levulose). It is also of interest that certain organisms which nor¬ 
mally produce only traces of lactic acid can be made to form quite large amounts 
imder special conditions [see Bemhauer (1939)]. 



LACTIC ACID FERMENTATION 


937 


bohydrate being fermented and the temperature to be used. LactohaciU 
lus delbrilckiif Lactobacillus bulgaricus, Bacillus dextrolacticuSy or StrepUh 
coccus lactis can be employed where d- or i-lactic acid is to be produced. 
On the other hand, strains of Leuconostoc mesenteroides and Lactobacillus 
caucasicus can be used to make Wactic acid. Lactobacillus bulgaricus 
is favored where milk or whey is the substrate, whereas L. delbrilckii, 
which does not ferment lactose, is preferred when the substrate con¬ 
tains dextrose or maltose. Bacillus dextrolacticus produces large yields 
of d-lactic acid from levulose [Andersen and Greaves (1942)]. Lacto- 
bacillus bulgaricus, L, delhruckii, and J5. dextrolacticus have an added 
advantage over most of the others mentioned in that they grow at 
high temperatures (45° to 50°C.). 

Other lactic acid bacteria (heterofermentative), such as Lactobacillus 
brevis {Lactobacillus pentoaceticus, Lactobacillus lycopersici) and Lacto¬ 
bacillus bvchneri {Lactobacillus mannitopoeus), usually produce i-lactic 
acid along with considerable amounts of by-products (CO 2 , ethyl 
alcohol, acetic acid; and mannitol from levulose). These organisms 
are of little value in this country as far as lactic acid production is 
concerned, but they have been used somewhat in Italy to produce 
mannitol from levulose [Bernhauer (1939)]. 

The preparation of the starter is begun in the laboratory by inoculat¬ 
ing a flask containing about 1 liter of sterile mash (whey or glucose- 
malt-extract-salt medium) with 10 ml. of a young, actively growing 
culture of the desired species, usually strains of L. delbrvckii or L. 
bulgaricus. After incubation for 24 hours at 42° to 45°C. (108° to 
113°F.) the contents of the flask are added to a larger batch of starter 
mash and again incubated under similar conditions. This step-up 
procedure is continued until a starter is obtained which has about one- 
tenth the volume of the main mash to be fermented. Large glass-lined 
steel tanks of about 500-gal. capacity, which can be easily sterilized, 
are sometimes used to prepare the final starter. 

3. Fermentation of the Mash. Various types of vats (fermenters) 
may be used for lactic acid fermentation. Usually they are wood tanks 
about 5,000 to 6,000 gal. in capacity and equipped with mechanical 
stirrers and heating coils to keep the neutralizing agent well mixed and 
to control the temperature. 

After the raw material to be used has received its preliminary treat¬ 
ment, including hydrolysis and removal of casein, it is placed in the 
fermenter and diluted with water so that the sugar concentration is 
between 6 and 20 per cent. The amount of water added depends upon 
the nature of the raw material, the strain of organism to be employed, 
and other conditions. The special nutrients and calcium carbonate 
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are then added, the pH is adjusted to a slightly acid reaction, and the 
mash is pasteurized. After pasteurization the temperature is reduced 
to the optimum for fermentation, and the mash is inoculated with the 
starter. In fermentations in which LactohaciUus delbruckiif Lactobacilr 
lus hulgaricuSy and Bacillibs dextrolacticus are used a temperature be¬ 
tween 45° and 50°C. (113° and 122°F.) is usually maintained. Other 
lactic acid bacteria, such as Streptococcus lactis, require a temperature of 
about 30°C. A high fermentation temperature eliminates most con¬ 
tamination problems and permits the use of a mash which has been 
pasteurized, in contrast to the sterile growing medium required for 
mesophilic bacteria. 

Oxygen is not required for lactic acid fermentation, since this process 
is microaerophilic or anaerobic in character. 

The lactic acid formed by the bacteria reacts with the free calcium 
carbonate present, producing calcium lactate and carbon dioxide gas. 
This reaction prevents the pH of the mash from becoming so low 
as to inhibit the activities of the bacteria. Sometimes the calcium 
carbonate or hydroxide is added to the mash at intervals of about every 
6 hours during fermentation, so that the acidity does not rise above 
approximately 0.6 per cent. 

After fermentation is complete (2 to 6 days), the acid may be neutral¬ 
ized to about 0.1 per cent and the mash heated in a tank at 82° to 96°C. 
(180° to 205°F.) to coagulate the proteins present and to destroy the 
bacteria. 

4. Yield, Recovery, Purification, and Separation into Grades. 
The theoretical yield of lactic acid with homofermentative lactic acid 
bacteria is 100 per cent of the weight of the sugar fermented, according 
to the over-all equation: 

CeHiaOe 2CH3 • CHOH • COOH 

180 2 X 90 

Such a yield has been obtained experimentally on several occasions, 
but in commercial practice it is never obtained. It is believed that part 
of the sugar is utilized by the organisms in their metabolism; therefore 
yields of 90 to 96 per cent are considered normal. Further losses also 
occur during subsequent processing, so in typical plant operations 
yields in the order of 85 per cent are most common. 

The technology of the recovery of pure calcium lactate or lactic 
acid from the crude calcium lactate solution resulting from fermenta¬ 
tion varies considerably. As the flow sheet (Fig. 4) shows, the calcium 
lactate can be purifled by evaporation and crystallization, followed 
by washing, centrifuging, and drying. Th^ details for this process 
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are discussed at some length by Olive (1936), Walsh, Needle, and Daley 
(1939), Prescott and Dunn (1940), and Peckham (1944). The recovery 
of crude grade lactic acid is accomplished by decomposing the crude 
calcium lactate resulting from the fermentation by means of acidula- 
tion with sulfuric acid, followed by filtration and evaporation. Edible 
grade lactic acid may be recovered in much the same way, except that 
the purified calcium lactate is used instead of the crude material (see 
Fig. 4). An alternate procedure for the recovery of edible lactic acid 
has been discussed by Peckham (1944). It involves the extraction 
of crude lactic acid with a suitable solvent (isopropyl ether), followed 
by a second extraction of the lactic acid from the isopropyl ether by 
passing the solution through pure water. U.S.P. lactic acid can be 
produced by steam distillation under relatively high vacuum, by the 
solvent extraction procedure outlined, or by preparation of the ester, 
methyl lactate, which is fractionally distilled and hydrolyzed and the 
methanol removed by distillation [see Smith and Clabom (1939), 
Peckham (1944)]. 

The Mechanisms of the Lactic Acid Fermentations. It has 
been stated that the lactic acid bacteria can be conveniently allocated 
to two groups, that is, the homofermentativc and the heterofermenta- 
tive types. Since the chemistry of the fermentations which these two 
types catalyze is somewhat different, each Avill be discussed separately. 

The Homofermentative Bacteria. The bacteria, such as Lacto¬ 
bacillus delbrilckiij Lactobacillus bulgaricus, and Bacillus dextrolacticus, 
which belong to this group produce only lactic acid from glucose and 
other sugars, according to the over-all equation: 

CoHiaOe 2 CH 3 -CHOH-COOH 

The process, however, is not so simple as this general equation seems 
to indicate, because several ephemeral intermediate, compounds are 
known to occur during the course of the fermentation. 

The initial stages of lactic acid fermentation seem to be similar 
to those of ethyl alcohol fermentation, in that the sugar being fermented 
is first phosphorylated and then dissimilated to form a triose compound 
[see pp. 910 to 927 on alcoholic fermentation and Bemhauer (1939)]. 
Although the reactions which occur between this triose and lactic acid 
have not been fully proved, two possible mechanisms have been sug¬ 
gested. One involves the formation, as the final intermediate, of 
methylglyoxal, which is in turn converted to lactic acid by glyoxalase 
and its coenzyme, glutathione (see Chapter 7): 

CHs • CO • CHO + H2O CH3 • CHOH • COOH 

MethylglyoxaH^ Lactio acid 
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The second mechanism involves the dissimilation of the sugar to 
pyruvic acid in a manner similar to that occurring in alcoholic fermen¬ 
tation. The pyruvic acid is then reduced to lactic acid: 

CH3 CO COOH + 2H CH3 CHOH COOH 

Pyruvic acid Lactic acid 

Bernhauer (1939) cites experimental data which suggest that either or 
both of these mechanisms may be operative during lactic acid fermen¬ 
tation. 

The Heterofermentativb Bacteria. The bacteria, such as 
Lactohacillus brevis^ Lactobacillus buchneriy and Leuconostoc dextrani- 
cum, of this group form lactic acid, together with appreciable quantities 
of ethyl alcohol, acetic acid, carbon dioxide, and glycerol from glucose; 
mannitol is also formed from levulase. Therefore any scheme which is 
set up to explain the dissimilation of sugar must include all these end 
products. Several workers have studied the mechanism of the forma¬ 
tion of the final products by the heterofermentative lactic acid bacteria 
[see Bernhauer (1939), Prescott and Dunn (1940)]. The studies by 

TABLE 7 

Dissimilation of Glucose and Levulose by Heterofermentativb Lactic 

Acid Bacteria 

[From Nelson and Werkman (1940)] 



LeiLConostoc dextranicum 

Lactohacillus brevis 

Glucose, 

millimols 


Glucose, 

millimols 

Levulose, 

milhmols 

Hexose fermented 

100 

100 

100 

100 

Products formed 





Ethyl alcohol 

81.2 

51.2 

74.1 

0.8 

Acetic acid 

10.8 

34.9 

15.3 

40.3 

Carbon dioxide 

86.5 

77.5 

81.0 

44.7- 

Lactic acid 

83.5 

53.4 

83.1 

33.1 

Glycerol 

24.0 

2.1 

32.6 

3.8 

Mannitol 


29.8 


62.3 


per cent 

per cent 

per cent 

per cent 

Carbon recovery 

98.9 

99.1 

101.1 

101.9 
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Nelson and Werkman (1936, 1936, 1940) may be cited as one example, 
since they best explain the most recent viewpoints on this subject. 

The data in Table 7 show the kinds and quantities of products 
formed from glucose and levulose by Leuconostoc dextranicum and 
Lactobacillus brevis (L. lycopersici). The experiments were carried out 
under anaerobic conditions at 30®C. for 21 days; a medium containing 
hexose, yeast extract, peptone, and phosphate salts was used. The 
data in the table show a marked difference between the products of 
the two hexoses. For example, a large amount of mannitol was formed 
from levulose but not from glucose, and Leuconostoc dextranicum pro¬ 
duced less mannitol and more alcohol from levulose than did Lacto¬ 
bacillus brevis. 

When Nelson and Werkman applied their experimental data in 
Table 7 to the following scheme, they found that their data were in 
good agreement with calculated values. Therefore the scheme out¬ 
lined in Fig. 5 seems to represent most of the chemical events which 


Glucose 

I (By a mechanism similar to that 
of alcoholic fermentation) 


+211 

Lactic acid ^ y 
~2H 

Ethyl alcohol <- 

+H2O 


Levulose — 

i , +2H 

-> Glyceraldehyde - 

phosphate 

Phosphogl^ceric acid 
Pyruvic acid -f- Phosphate 
Acetaldehyde + CO 2 
Acetic acid 


-> Mannitol 
+ Glycerol 


Fig. 5. Scheme for the Dissimilation of Hexoses by Heterofermentative Lactic 
Acid Bacteria [From Nelson and Werkman (1940)]. 


occur in heterofermentative lactic acid fermentation. An alternate 
course for the formation of lactic acid, acetic acid, and carbon dioxide 
may arise from the dismutation of pyruvic acid: 

2 CH 3 -CO-COOH CHa-COOH + CO2 + CH3 CHOH COOH 


where one molecule of pyruvic acid is oxidized to acetic acid and CO 2 , 
and another is reduced to lactic acid. 


PROPIONIC ACID FERMENTATION 

Propionic acid (CH3 • CH2 • COOH) was probably first discovered 
by Nollner in 1841, when he isolated a substance from tartrate fer¬ 
mentation which he termed Pseudo-Essigsaure. Three years later 
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Gottlieb discovered a similar acid, which he called metacetonic acid, 
and in 1846and 1847Nickl^scalledNollner'sacidacide-butyro-ac6tique, 
to indicate its place between acetic and butyric acids. Finally in 
1847 Dumas and his students showed that these three acids were the 
same and proposed the name propionic acid. During the next forty 
years research by Strecker, Fitz, Pasteur, and others added to our 
knowledge of propionic acid fermentation, but all these early studies 
were carried out with cultures of doubtful purity. 

In 1898 Orla-Jensen began his studies of the formation of the char¬ 
acteristic eyes in Swiss cheese, but it was not until 1906 that he and 
von Freudenreich were able to isolate the causative organism and to 
show that propionic acid and carbon dioxide were the prominent 
products formed during the ripening of Emmenthaler cheese. After 
these early reports on the production of propionic acid numerous studies 
were undertaken in this country and abroad to determine the impor¬ 
tance of the propionic acid bacteria in Swiss cheese and other natural 
fermentations. For a review of the early literature on this subject van 
Niel (1928), Foote, Fred, and Peterson (1930), and the references cited 
later in this discussion should be consulted. 

Aside from its occurrence in natural fermentations propionic acid is 
not produced commercially by fermentation methods. Chemical proc¬ 
esses involving the oxidation of propyl alcohol or methyl propyl 
ketone, the reduction of lactic or propiolic acids, or the hydrolysis of 
ethyl cyanide may be used to prepare propionic acid. In spite of the 
fact that at the present time propionic acid fermentation is primarily 
of academic interest, large quantities of the acid could be manufac¬ 
tured by industrial fermentation methods if a demand arose [Whittier 
and Sherman (1923), van Niel (1928)]. 

Propionic acid and its derivatives are used mainly for the manu¬ 
facture of perfume esters, for artificial fruit flavors, and as solvents for 
pyroxylin and related substances. 

The Fermentation Process. The propionic acid bacteria are 
widely distributed in nature. They are most easily isolated from cer¬ 
tain types of Swiss cheese, but they also occur in other dairy products 
and in silage, soil, and other places. Bergey^s Manual (1939) recognizes 
eleven species in the genus Propionihacterium, based mainly on the care¬ 
ful cultural, physiological, and serological studies by van Niel (1928), 
Werkman and Brown (1933), and Hitchner (1934). These references 
should be consulted for details on the differentiation of the eleven 
species. The better-known of these eleven species of Propionibacterium 
are P. freudenreichiiy P. jenseniiy P, shermaniij P. pentosaceum, P. 
arabinomm, P. peterasonii, and P. technicum. 
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A number of substances can serve as a substrate for propionic acid 
fermentation. Lactose, maltose, glucose, levulose, glycerol, and lac¬ 
tate in 1 to 3 per cent concentrations are commonly used in experi¬ 
mental studies, but other organic acids, alcohols, sugars, and their 
degradation products can also be employed. Propionibacterium tech- 
nicum also has the ability to ferment starch, dextrin, and glycogen. 
Ammonium sulfate, peptones, whey, yeast extract, malt sprouts, and 
com meal in 0.5 to 1 per cent concentrations serve as a source of 
nitrogen for the propionic acid bacteria. When ammonium sulfate is 
used in the medium, growth is usually accelerated by adding amino 
acids and certain growth factors (see Chapter 7). In addition to these 
substances inorganic salts, such as Speakman’s mixture, are essential for 
growth and acid production. 

The optimum pH for the normal fermentation of sugars is usually 
between 6.8 and 7.2; Wood, Erb, and Workman (1937), however, 
found that the dissimilation of pyruvic acid by cell suspensions of 
propionic acid bacteria occurs most rapidly at pH 5.5. The most 
favorable temperature is about 30®C., although the organisms will 

TABLE 8 

Conditions of the Experiments Shown in Table 9 


[From Wood and Workman (1936)] 



Age of 
Inoc¬ 
ulum, 
days 


Medium 


Incuba- 

Period 
of Incu¬ 
bation, 
days 

Species and 
Fermentation 
Number 

Glucose, 
per cent 

CaCOs, 
per cent 

Bacto- 
Yeast 
Extract, 
per cent 

tion 

Temp¬ 

erature, 

Prop ionibacterium 

T • f 1 

5 

3.0 

i 

1.4 

0.5 

37 

18 

arabinosum j ^ 

5 

2.1 

1.0 

0.35 

30 

18 

Propionibacterium 







. (3 

5 

3.0 

1.4 

0.5 

37 

15 

pentosaceum j ^ 

5 

3.0 

1.4 

0.5 

30 

15 

Propionibacterium 







^ ..(5 

2 

3.0 

1.5 

0.4 

30 

40 

shermami | ^ 

2 

3.0 

1.5 

0.4 

30 

40 

Propionibacterium 







. ..(7 

5 

2.4 

2.5 

0.5 

30 

12 

peterssomti^ 

5 

2.4 

2.0 

0.7 

30 

12 
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grow at 37®C. The fermentation is usually complete in 7 to 12 days, 
depending upon the species, the medium, and other factors. By a 
special semicontinuous fermentation process van Niel (1928) has 
demonstrated, however, that the fermentation can be reduced to as 
short as 48 hours. 

The principal end products of propionic acid fermentation are pro¬ 
pionic acid, acetic acid, and carbon dioxide. Usually succinic acid is 
also produced, and traces of lactic acid, acetylmethylcarbinol, and other 
substances are sometimes encountered. The fermentation balance 
sheet from one of Wood and Werkman's studies is given in Table 9. 
Other fermentation data will be found in the references cited by Wood 
and Workman (1936, 1940) and Bernhauer (1939) and in the mono¬ 
graph by van Niel (1928). 

The results presented in Table 9 are not entirely in agreement with 
others reported in the literature. For example, the ratios of propionic 
to acetic acid vary from 2.13 to 14.72, and those of CO 2 to acetic acid 
from 0.92 to 6.29; the succinic acid fluctuates from 7.9 to 23.8 m. Mol. 
(millimols) per 100 m. Mol. of fermented glucose. Virtanen and van 
Niel found the ratio of CO 2 to acetic acid to be substantially 1.0, and the 
ratio of propionic to acetic acid usually has been found to be approxi¬ 
mately 2.0, although van Niel reported ratios as high as about 5.0. 
At present it is impossible to explain why Wood and Werkman^s results 
differ so markedly from those of other investigators. However, they 

TABLE 9 

Dissimilation of Glucose by the Propionic Acid Bacteria Listed in Table 8 
[From Wood and Workman (1936)] 


Fermen¬ 

tation 

Number 

Glucose 
Fer¬ 
mented 
per Liter, 
m. Mol. 

Quantities Formed per 100 m. Mol. 
of Glucose Fermented, 
m. Mol. 

Ratio of 
CO 2 to 
Acetic 
Acid 

Ratio of 
Propi¬ 
onic to 
Acetic 
Acid 

Carbon 
Recov¬ 
ered, 
per cent 

Propi¬ 

onic 

Acid 

Acetic 

Acid 

COj 

Suc¬ 

cinic 

Acid 

Nonre¬ 

ducing 

Material 

1 

145.3 

139.1 

17.8 

63.6 

13.2 

2.8 

3.69 

7.82 

97.6 

2 

109.5 

148.8 

10.1 

63.6 

7.9 

3.7 

6.29 

14.72 

.97.4 

3 

165.9 

127.8 

16.6 

52.3 

21.1 

2.8 

3.15 

7.70 

95.0 

4 

156.9 

116.3 

22.7 

42.6 

23.8 

3.7 

1.88 

5.13 

92.6 

5 * 

164.1 

104.0 

44.6 

47.4 

12.6 

4.3 

1.06 

2.33 

88.0 

6* 

163.9 

106.1 

45.9 

47.0 

15.0 

4.1 

1.02 

2.33 

91.2 

7 

133.0 

114.8 

54.0 

51.5 

11.8 

8.9 

0.95 

2.13 

100.6 

8 

133.0 

117.8 

55.4 

51.2 

8.1 

... t 

0.92 

2.13 

91.3 t 


* Small amount of lactic acid produced per 100 m. Mol. of glucose fermented, 
t Nonreduoing material not analysed. 
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show that a number of factors influence propionic acid fermentation 
and that conclusions should not be drawn from a single set of data. 

The Mechanism of Propionic Acid Fermentation. Several 
workers have studied the mechanism of propionic acid fermentation 
since 1878, when Fitz first observed that propionic acid, acetic acid, and 
carbon dioxide can be formed from lactic acid by the action of microbes. 
The consensus now is that the introductory phases of the fermentation 
of sugars by the propionic acid bacteria are similar to those in alcoholic 
fermentation, in that phosphorylation reactions and many of the same 
intermediates occur. In fact, hexose phosphate, methylglyoxal, phos- 
phoglyceric acid, pyruvic acid, lactic acid, and propionaldehyde have 
all been demonstrated by various workers [see Wood and Workman 
(1936), Workman, Stone, and Wood (1937), Bemhauer (1939)]. 
Thus any mechanism proposed for this fermentation must take into 
consideration not only the final products but also these known inter¬ 
mediates. The formulation of a rigid pathway for the production of 
the end products is not possible, however, because the biological 
breakdown of sugars and related substances by bacteria probably 
takes place by more than one mechanism. 

One scheme for the production of the main products (propionic 
acid, acetic acid, CO 2 ) from glucose in propionic acid fermentation 
involves the following reactions [see Kluyver (1931), Bemhauer (1939)]: 

CeHiaOe -> 2CH3 CO CH(OH)2 2CH3 CHOH COOH 

Methylglyoxal Lactic acid 

hydrate 

CH 3 CHOH COOH CH 3 CO COOH + 2H 

Pyruvic acid 

I 

CH 3 C( 0 H )2 C00H ^ CH 3 COOH + CO 2 + 2H 

Acetic acid 

CH 3 CHOH COOH + 2 H CH 3 CH 2 COOH + H 2 O 

Propionic acid 

A second possibility for the events occurring in this fermentation in¬ 
cludes methylglyoxal and propionaldehyde as intermediates: 


CH 3 C0 CH(0H)2 + H 2 O CH 3 COOH + CO 2 + 4H 

Methylglyoxal 

hydrate 

CH 3 CO CHO + 2 H 

Methylglyoxal 


[CH 3 CHOHCHO] 

+Hjo|-2H 

CH 3 CHOHCOOH 

Lactic add 


CH 3 CH 2 CHO + H 2 O 

Propionaldehyde 

+HsOj,-2H 

CH 3 CH 2 COOH 

Propionic add 
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This type of fermentation was postulated by Wood and Workman 
(1934), using Propionibdcterium arabinosum and glycerol as a sub¬ 
strate; propionaldehyde was isolated as an intermediate. 

A third possible mechanism involves the breakdown of the sugar 
through phosphoglyceric acid to pyruvic acid in a manner similar to 
that in alcoholic fermentation. The pyruvic acid then undergoes a 
dismutation, according to the following equation (see Chapter 6 ): 

2CH3-CO COOH + H 2 O 

CH 3 COOH + CO 2 + CH 3 CHOHCOOH 

where one molecule of pyruvic acid is oxidized to acetic acid and CO 2 , 
and another is reduced to lactic acid. The lactic acid so formed may 
then be reduced to propionic acid: 

CHa-CHOH COOH + 2H CH 3 CH 2 COOH + H 2 O 

Before about 1935 it was believed that the succinic acid formed by 
the propionic acid bacteria arose either from the hexose molecule 
being split into C 4 and C 2 compoimds, from acetic acid, or from the 
nitrogenous constituents of the medium. In that year Wood and 
Workman began their studies on the source of succinic acid, which is 
formed from glycerol by the propionic acid bacteria. Later studies 
led them to assume that the succinic acid is actually synthesized from 
pyruvic acid and CO 2 . This assumption has since been shown to be 
correct as the result of studies using isotopic carbon in CO 2 and demon¬ 
strating its presence in succinic acid [see Carson, Foster, Ruben, and 
Barker (1941), Workman and Wood (1942)]. The synthesis of suc¬ 
cinic acid from pyruvic acid by CO 2 fixation has been explained in one 
way by the following reactions [see Krebs and Eggleston (1941), Work¬ 
man and Wood (1942)]: 

CH3C0C00H + CO2 H00CCH2C0C00H 

Pyruvic acid Oxaloacetic acid 

HOOC CH 2 CHOH COOH 

Z-Malic acid 

+2H 

HOOC CH:CH COOH HOOC CH 2 CH 2 COOH 

Fumaric acid Succinic acid 

It has also been suggested that under certain conditions succinic acid 
can be converted to propionic acid by a decarboxylation reaction 
[Wood and Workman (1936)]. 
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COLON-TYPHOID-DYSENTERY FERMENTATIONS 

Several end products are formed as the result of the dissimilation of 
sugars and related substances by the colon-typhoid-dysentery bac¬ 
teria, but none of the products predominates sufficiently to characterize 
the fermentations on such a basis. In general, however, these fermenta¬ 
tions can be classified on the group or generic basis as follows; (1 ) jBs- 
cherichia^Salmonella type; (2) coU-aerogenes-intermedi&te type; (3) Eb- 
erthellorShigella type; (4) Aerobacter type. None of these fermenta¬ 
tions is of industrial importance, with the exception of the fourth 
type, which may be used for the production of 2:3-butylene glycol, 
but they were among the first fermentations to be studied and are 
of considerable academic interest. They will be discussed briefly in 
order. 

!• The Escherichia^Salmonella Type of Fermentation. When 
Escherichia coli and related species are cultivated in a glucose-in- 
organic salt medium or other similar media, the sugar is dissimilated 
to lactic acid, acetic acid, formic acid, ethyl alcohol, and the gases 
CO 2 and H 2 ; usually succinic acid also appears as an end product. 
As we have mentioned, this type of sugar dissimilation is not restricted 
to the Escherichia species but is characteristic of most of the para¬ 
typhoid bacilli also. 

The proportionate amount of the various end products formed by 
these bacteria depends upon the strain used, as well as the conditions 
of the experiment. An example to illustrate the importance of experi¬ 
mental conditions may be cited from the work of Tikka (1935), in 
which a strain of E, coli was allowed to dissimilate glucose at different 

TABLE 10 

Ftjtimentation op Glucose at Different pH Levels by Escherichia coli 

[From Tikka (1936)] 


Experiment 

Number 

pH 

La 

A( 

mg. 

,ctic 

3id, 

% 

Ac 

A< 

mg. 

etic 

sid, 

% 


rmic 

3id, 

% 

Et 

Ale 

mg. 

ihyl 

ohol, 

% 

H 2 . 

cu. cm. 

1 

H 

816 

20.4 

724 

18.1 

994 

16.2 

646 

21.0 

46 

2 

7.1 

860 

21.6 

812 

20.3 

736 

12.0 

676 

22.0 

46 

3 

6.4 

926 

46.3 

90 

4.6 

86 

2.8 

326 

21.1 

181 

4 

6.4 

816 

40.8 

120 

6.0 

113 

3.7 

296 

19.3 

146 

5 

7.4 

82 

4.1 

688 

29.4 

622 

20.2 

340 

22.1 

29 

6 

7.6 

64 

2.7 

683 

34.1 

822 



21.1 

37 
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pH levels. The results of this study are given in Table 10, where it 
will be seen that the amount of alcohol produced remains quite con¬ 
stant at different pH levels, but that lactic acid accumulates if the 
reaction is acid (pH 6.4), whereas acetic and formic acids predominate 
if the reaction is alkaline (pH 7.4 to 7.6). 

Several theories have been postulated for the mechanism of dissimila¬ 
tion of sugars by E, coU since Harden and Grey performed their funda¬ 
mental work in this field during the early part of this century [see 
Scheffer (1928), Kluyver (1931, 1935), Tikka (1935), Stephenson 
(1939), Bernhauer (1939)]. The present opinion is that the early 
stages of this fermentation are very similar to those occurring in alco¬ 
holic fermentation by yeast, in that the sugar is first phosphorylated 
and then split to the usual triose compounds. The scheme proposed 
by Tikka (1935) is given to illustrate the way in which most of the 
end products may be formed. 


Glucose 


a-Glycerophosphate < - 

i+HsO 

Alcohol + Formic acid -h H 8 PO 4 

I-»• COi-H|2H 


Hexose diphosphate 
2 Trioso phosphate 

i 

- y Phosphoglyceric acid 

X’ 


liactlc acid 


- Pyruvic acid 
X 

Acetic acid -t- Formic acid 

X 

COa + H, 


Although Tikka's scheme is supported by considerable experimental 
data, it is quite probable that alternate pathways are also followed 
under certain conditions. For example, methylglyoxal has been postu¬ 
lated by several workers as the precursor of lactic acid. 

The succinic acid produced from suga rs by E, coli and related species 
may be formed in several ways. Kluyver (1931, 1935) suggested that 
the nonphosphorylated hexose molecule may be split into C4 and C2 
compounds, which then undergo internal oxidation-reduction to yield 
succinic acid and acetaldehyde, respectively: 

Glucose OHC CHOH CHOH CHO + CH2OH CH2OH 

Dialdehyde of tartaric acid Ethylene glycol 

HOOC. CH2 • CH2 • COOH CHa • CHO + H2O 

i 

CHa COOH + CHa CHaOH 

Endo (1938), on the other hand, has postulated that succinic acid may 
arise from pyruvic acid and acetic acid through a-ketoglutaric acid as an 
intermediate: 
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CHs-CO COOH + CHs-COOH + O2 

HOOC CO CH2 CH2 COOH (+ H2O) 

HOOCCH 2 CH 2 COOH + CO 2 

Another possibility is that succinic acid arises from pyruvic acid b> the 
C02-fixation reaction of Wood and Workman (see Chapters 6 and 7). 

2 . The Coli-Aerogenes-'lnlemiediate Type of Fermentation* 
Certain coliform bacteria do not conform to the usual tests for differ¬ 
entiating Escherichia coli from Aerohacter aerogenes. These organisms 
have been termed intermediates or placed in the genus Citrohacier, 
originally proposed by Workman and Gillen in 1932. One of the most 
characteristic points about the organisms of this group is that they 
form trimethylene glycol (H 0 CH 2 -CH 2 -CH 20 H) from glycerol, in 
addition to the usual coli-type end products. Yields of trimethylene 
glycol varying from 30 to 60 per cent of the glycerol fermented have 
been obtained [Mickelson and Workman (1940)]. Little is known 
about the mechanism involved in the reduction of glycerol to tri¬ 
methylene glycol, but Mickelson and Workman believe that acrolein 
may be an intermediate. 

3* The Eberthella^Shigella Type of Fermentation. The prod¬ 
ucts of the dissimilation of sugars by Eberthella typhosa. Shigella dysen- 
teriae, and related species are very similar to those formed by Escheri¬ 
chia colif with two exceptions [see Scheffer (1928)]. In general, the 
organisms of this group lack the ability to decompose formic acid to 
CO 2 and H 2 , and therefore do not produce gas in carbohydrate media. 
Reynolds, McCleskey, and Workman (1934) have shown, however, 
that Shigella paradysenteriae var. sonnet slowly decomposes formic 
acid under aerobic conditions, presumably to CO 2 and H 2 O: 

2 HCOOH + 02 -^^ 2CO2 + H2O 

4. The Aerobacter Type of Fermentation* The Aerohacter 
species dissimilate sugars in a somewhat different manner from the 
organisms we have mentioned. The products of this type of fermenta¬ 
tion are lactic acid, acetic acid, formic acid, ethyl alcohol, acetylmethyl- 
carbinol, 2:3-butylene glycol, CO 2 , and H 2 . Ordinarily succinic 
acid does not occur in this type of fermentation, and even the other 
acid products are formed in considerably smaller quantities than in 
the Escherichia-Salmonella type of dissimilation. 

The fimdamental work on the Aerohacter type of fermentation dates 
back to 1906-1912, when Harden and his students discovered that 
2:3-butylene glycol was a product of sugar breakdown by Aerohacter 
aerogenes. Since that time numerous studies have been published on 
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the dissimilation of sugars, organic acids, and related substances by 
various Aerobacter species [see Scheffer (1928), Stone and Workman 
(1936), Reynolds, Jacobsson, and Workman (1937), Reynolds and 
Workman (1937)]. The study by Reynolds and Workman (1937) may 
be cited as one example in which all the end products have been de¬ 
termined throughout the course of the fermentation of glucose by 
Aerobacter indologenes (see Table 11). The results in Table 11 reveal 


TABLE 11 

Dissimilation of Glucose at Various Times by Aerobacter indologenes^ Glucose 
Fermented and Products in Millimols per Liter 

[From Reynolds and Workman (1937)] 


Time, 

Glucose 

Fer¬ 

Hydro¬ 

Carbon 

Diox¬ 

Formic 

Ethyl 

Alco¬ 

Acetic 

Lactic 

Acetyl- 

methyl- 

2:3-Bu¬ 
tylene 

Carbon 

Recovered, 

hours 

mented 

gen 

ide 

Acid 

hol 

Acid 

Acid 

carbmol 

Glycol 

per cent 

24 

14.3 

0.0 

7.12 

21.0 

16.7 

6.0 

0.56 

0.226 

6.0 

116.3 

31 

36.1 

2.26 

34.35 

24 0 

22.7 

8.6 

1.47 

0.78 

16.7 

90.5 

35 

41.0 

3.44 

46.50 

30.0 

30.6 

6.8 

3.29 

0.452 

22.3 

102.6 

47 

61.1 

7.07 

85.6 

33.2 

43.0 

5.0 

3.90 

1.22 

36.4 

102.0 

64 

82.5 

17.32 

110.5 

31.7 

65.2 

2.9 

4.13 

0.452 

49.8 

95.3 

81 

100.3 

23.95 

144.3 

34.6 

68.3 

1.7 

4.02 

0.11 

66.0 

99.0 

110 

123.8 

34.2 

189.0 

34.6 

82.5 

1.1 

3.68 

0.89 

79.4 

97.0 

209 

127.3 

45.0 

218.3 

21.6 

88.3 

0.6 

3.68 

0.0 

84.2 

100.3 


that three products—formic acid, acetic acid, and acetylmethyl- 
carbinol—undergo such decreases after previous accumulation that 
they can be assigned significant roles as intermediates. 

Several schemes have been suggested to account for the breakdown 
of sugars by the Aerobacter species. Two of the better known may 
be cited. After quantitative carbon balance experiments Scheffer 
(1928) and Kluyver (1931, 1935) proposed the following reactions 
for the events occurring in the fermentation of glucose by Aerobacter 
aerogenes and Aerobacter cloacae: 


CeHuDe-^ Phosphorylated • 
intermediates 


• 2CH,C0CH(0H)2 • 

McthyI|;lyoxal 

hydrate 


►CHi-CHOHCOOH 

Lactic acid 


HCOOH + CHiCHO 
CO, + H, 


CHjCHOHCOCHi 

Acetoln 


- 1 

2H+CH,COCOOH 


I 


Pyruvic acid 

i 


-fffrCH,CHO + CO, 

li—l 

”! CH, CH,OH 


CHiCHOHCHOHCH, 

2:8-Butylene glycol 
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In this scheme it will be seen that methylglyoxal hydrate is postulated 
as the key intermediate product. It is partially converted into lactic 
acid by the enzyme glyoxalase, partially broken down to give pyruvic 
acid and active hydrogen, and partially dissimilated to give formic 
acid and acetaldehyde. The formic acid is then enzymatically de¬ 
composed by formic dehydrogenase and hydrogenase to give CO 2 
and H 2 , as occurs with Escherichia coli. The pyruvic acid is decarboxyl- 
ated by carboxylase or a similar enzyme to acetaldehyde and CO 2 . 
The molecule of acetaldehyde arising from this source is then condensed 
with the one formed directly from methylglyoxal hydrate to yield 
acetylmethylcarbinol (acetoin). The active hydrogen liberated when 
methylglyoxal hydrate is converted to pyruvic acid is then partially 
utilized to reduce some of the acetaldehyde to ethyl alcohol and par¬ 
tially to reduce some of the acetoin to 2:3-butylene glycol. 

Reynolds and Workman (1937) have postulated a somewhat dif¬ 
ferent scheme, using their experimental data cited in Table 11. They 
believe that the glucose molecule is dissimilated to pyruvic acid by a 
series of reactions very similar to those occurring in alcoholic fer¬ 
mentation by yeast and that pyruvic acid, rather than methylglyoxal 
hydrate, is the key intermediate substance. In their scheme part of 
the pyruvic acid is dismutated to acetic and formic acids. The formic 
acid then undergoes further breakdown to CO 2 and H 2 , and the acetic 
acid is slowly reduced to acetaldehyde, as is shown by its disappearance 
in Table 11. Lactic acid also arises from pyruvic acid by an enzymatic 
reduction reaction, and some of the pyruvic acid is decarboxylated to 
yield acetaldehyde. The following equations may be written to illus¬ 
trate the formation of these substances from pyruvic acid: 

CH3 • CO • COOH + HOH CHs • COOH + HCOOH 

+2H I 

CHs • CHO + H 2 O CO 2 + H 2 

CHs CO COOH + 2H CHs • CHOH • COOH 

CHs CO COOH CHs CHO + CO2 

The acetaldehyde formed directly and indirectly (through acetic acid) 
from pyruvic acid can then be reduced to ethyl alcohol or condensed 
to acetoin: 

CHs CHO + 2H CHs -CHzOH 

2CHs CHO CHs CHOH CO CHs 

The condensation of acetaldehyde and pyruvic acid, 

CHs-CHO + HOOCCOCHs CHs* CHOH-CO CHs + CO3, 
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may be an alternate pathway used by these organisms to form acetoin. 
The formation of 2 :3-butylene glycol by Aerobacter species can be 
accounted for by the reduction of acetoin: 

CH 3 CHOH CO CH 3 + 2 H CH 3 CHOH CHOH CH 3 

The fact that the acetoin values in Table 11 decrease as the 2 : 3 -bu- 
tylene glycol values increase lends support to this reaction. 

2:3.BUTYLENE GLYCOL FERMENTATION 

Harden and his associates discovered 2:3-butylene glycol (or 2:3- 
butanediol) as one of the products of sugar dissimilation by certain 
Aerobacter species in 1906, but it has been only within the past few 
years that chemists have become interested in this substance. This 
interest has been stimulated primarily by the fact that 2 : 3 -butylene 
glycol (CHs-CHOH-CHOH-CHa) can serve as a precursor of buta¬ 
diene (CH 2 :CH-CH:CH 2 ), which is in great demand for the manu¬ 
facture of synthetic rubber. Butylene glycol, however, has other uses 
too, and in the future it may become one of our more important organic 
compounds. For example, it can be employed to impregnate wood and 
textiles to make them resistant against alkalies, to synthesize phthalic 
anhydride resins, to manufacture certain antifreeze preparations, and 
to act as a solvent for several dyes. 

The organisms responsible for this type of fermentation include 
certain Aerobacter species. Bacillus polymyxa, Proteus hydrophilus 
(Aeromonas hydrophild), Bacterium asiaticus-mobilis and other related 
species [see Birkinshaw, Charles, and Clutterbuck (1931), Fulmer, 
Christensen, and Kendall (1933), Stahly and Workman (1942), Stanier 
et al. (1944), Ward, Pettijohn, Lockwood, and Coghill (1944), Chris¬ 
tensen (1944), Perlman (1944)]. The mesodextro-2:3-butylene glycol 
mixture is produced in Aerobacter aerogenes fermentations, whereas 
Proteus hydrophilus forms a mixture of the i- and meso-forms with a 
preponderance of the meso-form. Bacillus polymyxa, on the other hand, 
produces levoglycol. 

Fulmer, Christensen, and Kendall (1933) were the first to show that 
large quantities of 2 :3-butylene glycol can be produced experimen¬ 
tally through fermentation of sugar (sucrose) by Aerobacter pecti- 
novorum and other related species. They used a synthetic medium 
containing ammonium chloride (0.25 per cent), potassium phosphate 
(0.15 per cent), calcium chloride (0.15 per cent), magnesium sulfate 
( 0.2 per cent), and sucrose in varying amounts (2 to 12 per cent, opti¬ 
mum about 6 per cent). The optimum reaction for the fermentation 
was pH 6 . 0 , and the incubation temperature was 37.5°C. for 18 days. 
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The glycol was determined by vacuum distillation and weighing or by 
refractive index measurements. The best yield of glycol per 100 g. 
of sucrose fermented was 46.9 per cent, when an 8.0 per cent sucrose 
medium was used. Higher and lower concentrations of sugar gave 
lower yields. 

More recently several industrial research laboratories (Schenley 
and others) have produced 2:3-butylene glycol on a pilot-plant scale 
for butadiene manufacture, and larger operations may now be under 
way. According to an article in Chemical Industries [(1943) 53:198], 
the pilot-plant process for butadiene manufacture involves the fermen- 
tion of corn or wheat mashes^ to 2:3-butylene glycol, followed by 
acetylation and pyrolysis to yield butadiene. Grain is fed in meal 
form, into mash tubs, where it is mixed with water and then pumped to 
steam cookers. After sterilization the mash is placed in fermenters, 
and a specially prepared bacterial culture is added to convert the sugar 
to butylene glycol. After fermentation the resulting ‘‘distiller^s beer^' 
is permitted to settle, and then the clear supernatant is filtered off and 
pumped to an evaporator for concentration. Butylene glycol is re¬ 
covered from this concentrate by countercurrent extraction with bu¬ 
tanol, and the two components are separated by distillation [also see 
Blom, Reed, Efron, and Mustakas (1945)]. To obtain butadiene the 
glycol is esterified with acetic acid to form butane diacetate, which is 
then cracked to butadiene by heating to 1,100°F. (593°C.) in a molten 
lead bath. The butadiene passes off as a gas and is liquefied by com¬ 
pression and cooling. 

The mechanism of 2:3-butylene glycol fermentation is the same as 
that for Aerohacter species (see pp. 949 to 952). Further data on this 
specific subject will be found in the papers by Stahly and Werkman 
(1942) and Stanier and his associates (1944). 

BUTYRIC ACID FERMENTATION 

The production of butyric acid from carbohydrates by bacterial 
action was first noted by Pasteur in 1861. After this discovery several 
reports appeared from about 1882 to 1910 by Fitz, Baier, Winogradsky, 
Buchner, and Meisenheimer, Bredemann, and others in which they 
showed that numerous anaerobic bacilli are capable of producing vary¬ 
ing amounts of butyric acid from sugars and related substances. Ac¬ 
cording to Kluyver (1931), the simplest butyric acid formation is 
effected by certain ‘^true'^ butyric acid bacteria, such as Clostridium soc- 

^ Perlman (1944) has also shown that wood hydrolyzates can be utilized by Aero¬ 
hacter aerogenes for 2:3-butylene glycol production. Wood sugar solutions up to 
about 17 per cent are completely fermented, yielding about 36 per cent glycol. 
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charcbiUyricum^ In this reaction only four main fermentation products 
(butyric acid, acetic acid, CO 2 , and H 2 ) are encountered, along with 
a trace of formic acid. On the other hand, certain closely related 
species produce only small amounts of butyric acid, together with 
some eight or ten other compounds. 

The true butyric acid fermentation is of little importance from an 
industrial standpoint, but it is of considerable academic interest, be¬ 
cause it serves as a starting point for a better understanding of the 


TABLE 12 

Fermentation Balance op Glucose,* Using Clostridium saccharobiUylicum 

[From Kluyver (1931)] 
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such as methylglyoxal hydrate. They formulated the following re¬ 
actions for the true butyric acid fermentation of glucose: 


CsHi20fi — 
Glucose 


2CH3-CO-CH(OH)a 

Methylglyoxal 
iiy Urate 


2CH,-CHO+2HCOOH 

I ^ 

2CO,+2H, 


Oondeusation 


•CH,-CH(OH)a- 


CH.-COOH+H, 

Acetic acid 


CH.-CHOH-CH,-CHO- 

Acetaldol 


CH,*CH:CH:*CH(OH)t- 

Orotonaldehyde 


•CH,-CH,CH,COOH 

Butyric acid 


This scheme is essentially of a hypothetical nature, because, as 
Bernhauer (1939) brought out, the acetaldehyde could also arise 
through pyruvic acid, and the aldol condensation could occur by an 
alternate reaction. Simon (1943) has also shown that the internal re¬ 
actions occurring in butyric acid fermentation may be quite compli¬ 
cated. The Kluyver scheme has some merit, however, since experi¬ 
mental tests show that the quantities of the various fermentation 
products formed correspond very well with the assumed mode of their 
origin (see Table 12). Thus the weight of the carbon dioxide formed is 
equivalent to approximately one-half the weight of the glucose fer¬ 
mented. The number of molecules of acetaldehyde required for the 
formation of acetic acid and butyric acid is essentially equivalent to 
the number of molecules of carbon dioxide produced. Also the total 
number of molecules of hydrogen gas evolved is greater than the num¬ 
ber of molecules of acetic acid produced by approximately the amount 
of carbon dioxide formed. 


BUTANOL-ACETONE FERMENTATION 

Credit for the discovery of butanol or butyl alcohol (CH3 • CH 2 • CH 2 • 
CH 2 OH) as a product of sugar fermentation by bacteria probably 
belongs to Pasteur, who in 1861 showed that this alcohol is formed by 
certain of the butyric acid-producing bacteria. After Pasteur^s study 
numerous other reports appeared from about 1875 to 1910 by Fitz, 
Gruber, Grimbert, Beijerinck, Emmerling, Buchner, Meisenheimer, 
and others in which bacteria capable of producing butanol were de¬ 
scribed and studied. Although acetone (CHa-CO-CHa) has been 
known chemically for over one hundred years, it was not until 1905 
that Schardinger demonstrated it to be a fermentation product of 
Bacillus macerans. Since that time other bacteria have been isolated 
which produce greater amounts of acetone than Schardinger's bacillus. 

After a few early studies, such as the ones mentioned above, the his¬ 
tory of butanol-acetone fermentation becomes quite interesting. About 
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1910 rumors reached England from Germany to the effect that Fritz 
Haber had succeeded in making rubber from the fermentation products 
of potatoes. At that time the English firm of Strange and Graham, 
Ltd., hired Perkin, Weizmann, and Fembach to do research on syn¬ 
thetic rubber and the raw materials from which it might be made. 
The raw products given special attention were isoamyl alcohol, ace¬ 
tone, and butanol, from which isoprene, dimethylbutadiene, and buta¬ 
diene, respectively, could be synthesized. Isoamyl alcohol and acetone 
were available in only small amounts, and butanol had never been 
made commercially at that time. These research workers decided that 
butadiene was the best material for rubber synthesis, and they there¬ 
fore turned to developing fermentation processes for the production 
of butanol, from which butadiene could be synthesized. 

In 1911 Fembach isolated an organism which he designated as the 
FB bacillus. This organism would not attack corn mashes, but it did 
ferment potatoes, yielding butanol as well as acetone. This discovery 
was granted an English patent, but for several reasons was abandoned 
about 1916. Although Weizmann severed his connections with the 
Strange and Graham research group in 1912, he continued to work on 
this fermentation problem, and after about two years he isolated an 
organism which he called the BY bacillus. This organism possessed 
outstanding fermentation characteristics and attacked corn and other 
grains without the addition of any other nutrient. 

Soon after the start of World War I large quantities of acetone were 
seriously needed in the manufacture of cordite, the British high ex¬ 
plosive, and of “dopes’^ for airplane wings. Up to that time acetone 
had been made from calcium acetate, which was produced chiefly in 
Austria and the United States. Acetone from Austria was of course 
not available to England, and production in this country was almost 
negligible in comparison to the large and sudden demand. Strange and 
Graham therefore contracted to supply acetone to the British govern¬ 
ment. At first they used Fembach^s organism, but production was 
uncertain and imsatisfactory because of the ineffectiveness of this 
bacillus. Thus in 1916 the BY bacillus of Weizmann was substituted, 
and marked progress was made in production. One or two other plants 
were put in operation about this time, and at least one of them pro¬ 
duced as much as 2,340 lb. of acetone per week. However, at that 
time a bushel of com (56 lb.) produced only 10 or 11 lb. of solvents, 
consisting of approximately 60 parts of butanol, 30 parts of acetone, 
and 10 parts of ethanol. Thus 56 lb. of grain had to be imported to 
obtain 3 lb. of acetone. With shipping space at a premium a shortage 
of grain soon developed in England, and it became evident that the 
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process had to be carried out closer to the source of the raw material. 
A plant was therefore established in Canada; it produced some 3,000 
tons of acetone in 2 years. About the time the United States entered 
the war two distilleries in Terre Haute, Indiana, were converted to 
acetone production by the Weizmann process, but operations had only 
nicely started when the armistice was signed and the plants had to be 
shut down for lack of a market. However, through extensive re¬ 
searches on the part of the chemist, engineer, and bacteriologist the 
industry was soon revived to meet the tremendous demands of the 
nitrocellulose lacquer industry for butanol and butyl acetate as solvents. 

At the present time no other bacterial fermentation process plays 
such an important role in the production of various solvents and other 
chemicals as does the butanol-acetone fermentation. However, it 
should be mentioned that butanol and acetone can now be made either 
synthetically or by means of fermentation. For example, in 1941 about 
155,000,000 lb. of butanol was produced in this country, 70 per cent 
being by fermentation and 30 per cent by synthetic methods. The 
demand for acetone has likewise grown so enormously that today 
more is being produced synthetically than by fermentation [Wyn- 
koop (1943)]. 

For additional reading on the interesting history of butanol-acetone 
fermentation Gabriel (1928), Gabriel and Crawford (1930), Kelly 
(1936), Prescott and Dunn (1940), and Wynkoop (1943) should be 
consulted. 

Outline of the Industrial Fermentation Process. The produc¬ 
tion of n-butanol and acetone by the so-called Weizmann process has 
already been described in some detail by Killefler (1927) and Prescott 
and Dunn (1940), and new modifications are continually being pat¬ 
ented.® Therefore in the following discussion the process will be sum¬ 
marized in general terms under six headings, to explain the steps shown 
in Chemical and Metallurgical Engineering^^ flow sheet (Fig. 6). For 
more technical information the patent literature should be consulted, 

1 . Raw Materials Used and Preparation op the Mash. A great 
variety of raw materials may be used as the substrate in butanol-acetone 
fermentation. Low-grade com and molasses are the main basic raw 
materials employed industrially in this country, but other substances, 
such as rice, peanut and oat hulls, corn cobs, Jerusalem artichokes, 
horse chestnuts, Irish moss, heated whey, waste-sulfite liquor, and var- 

® For example, see U. S. Patents by J, C. Woodruff, H. R. Stiles, and D. A. 
Legg (1937), A. Frey and H. Gltick (1939), A. Frey, H. Gliick, and H. Oehme 
(1939), F. M. Hildebrandt and N. M. Erb (1939), N. R. Tarvin (1941), C. F. 
Arzberger (1943). 
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ious starches (rice, potato, cassava, tapioca) and sugars, have been used 
experimentally [Gill (1919), Robinson (1922), Fred, Peterson, and 
Anderson (1923), Waksman and Kirsh (1933), Underkofler and Hun¬ 
ter (1938), Wiley, Johnson, McCoy, and Peterson (1941), Wendland, 
Fulmer, and Underkofler (1941), Guymon, Underkofler, and Fulmer 
(1941), Banzon (1941)]. 

When whole grain such as corn is used as the raw material, it is first 
degermed to remove the oil; then on its way to the roller mill it is passed 
over a magnetic separator to remove any scrap metal. From the mill 
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Fig. 6 . Flow Sheet for the Production of Butanol and Acetone by Fermentation. 
(Courtesy, Chemical and Metallurgical Engineering, McGraw-Hill Publishing 

Company.) 


the coarse meal goes to a separator, where the husks are removed from 
the fine meal. The fine meal (about 6,100 lb.) is then conveyed to a 
large mash tun of approximately 10,(X)0-gal. capacity, where it is 
mixed with warm water (71®C.) to give a concentration of 6 to 8 per 
cent. From the mash tun the charge is dropped into a cooker, which 
is essentially an autoclave provided with a motor-driven rake agitator. 
In the cooker the charge is cooked for 2 hours under a pressure of about 
30 lb. of steam. This process sterilizes the mash and produces some 
hydrolysis or dissolution of the starch. The mash is then blown to 
the fermenter by its own pressure. In passing to the fermenter, the 
sterile starch mass is cooled in a water-cooled heat exchanger to about 
85® to 98°F. (30® to 37®C.). The heat given up by the mash is ab¬ 
sorbed by fresh water on its way to the mash tun (see Fig. 6). As the 
starchy solution enters the fermenter, it is of approximately the con¬ 
sistency of ordinary flour paste. It is essential to note that no malt or 
other saccharifying agent is used and that the mash is primarily starch 
and not sugar. 
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Considerable research has been done on the substances present in 
corn mashes which are essential for normal yields of solvents. For 
example, Weinstein and Rettger (1932,1933) reported that a prolamine- 
containing substance was necessary for the production of normal 
amounts of acetone and butanol by fermentation. On the other hand, 
Tatum, Peterson, and Fred (1935), Weizmann and Rosenfeld (1937), 
and others believe that complex nitrogenous substances, such as pep¬ 
tones and prolamines, are not essential, providing asparagine and cer¬ 
tain growth factors are present. A great deal of progress has been 
made in the past few years in determining the growth-factor require¬ 
ments of Clostridium acetobutylicum and other butanol-forming bacteria. 
For a brief discussion on this subject see Chapter 7. 

When a sugar-containing raw material, such as molasses, is employed 
for butanol fermentation, it usually requires some special treatment. 
For example, concentrated blackstrap molasses is usually acidified and 
sterilized before it is diluted with sterile water containing aqua am¬ 
monia and a chalk slurry to adjust the reaction. Hildebrandt and Erb 
(1939) believe that this procedure has certain advantages, since arti¬ 
ficially acidified molasses makes sterilization more certain and reduces 
the tendency of the sugar to decompose during sterilization at 15 to 20 
lb. of pressure for 30 to 60 minutes. Molasses mashes are usually 
deficient in nitrogenous substances and certain salts. To correct these 
deficiencies nitrogenous substances and salts, such as autolyzed yeast, 
ammonium salts, phosphates, potassium, and nitrate, are added 
either before the molasses is sterilized or afterward in the form of sterile 
mixtures. Examples of the limits set for certain important factors 
in preparing a final molasses mash are: temperature 90° to 95°F. 
(32.2° to 35°C.), sugar 4 to 6 per cent, Brix 8° to 10°, pH 5.5 to 6.5, 
and volume of starter 1.0 to 4.0 per cent [Hildebrandt and Erb (1939)]. 

2. Choice of Organism and Preparation op the Starter. Sev¬ 
eral anaerobic bacteria are capable of forming butanol and acetone as 
end producjts of metabolism, but only a few known species are capable 
of producing these solvents in sufiicient amounts to make their use in 
industry practical. Before about 1926 considerable confusion existed 
in the literature in respect to the terminology of the butanol-acetone¬ 
forming bacteria. McCoy, Fred, Peterson, and Hastings (1926, 1930), 
however, carried out extensive studies of the cultural and physiological 
characteristics of the butanol-acetone organisms and the butyric acid¬ 
forming bacteria. They cleared up much of the confusion when they 
adequately separated these two groups of bacteria and when they sug¬ 
gested the name Clostridium acetobutylicum for the acetone-butanol 
organism previously isolated by Weizmann. This name has now been 
generally adopted; and, according to Bergey^s Manual (1939), other 
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names, such as Bacillus granulobacter and Clostridium aceUmegenumy 
are S 3 aionyms which should be discarded. 

The early commercial production of butanol and acetone by fer¬ 
mentation was effected by fermenting starch (com) mashes by means 
of bacteria of the CL acetobuiylicum type. This process, however, was 
limited somewhat by the type of carbohydrate used and in the ratio 
of products obtainable. Subsequently a new group of butanol-produc¬ 
ing bacteria has been discovered which are capable of fermenting solu¬ 
ble carbohydrate (for example, molasses) mashes, forming different 
ratios of neutral products. Various species and strains of this group 
produce ratios of butanol ranging from 55 to 74 per cent, acetone in 
proportions from 5 to over 40 per cent, and amounts of ethanol as low 
as 2 per cent, by weight of the total solvents. The organisms of this 
group, which have been described primarily in the patent literature, 
include such species as Clostridium saccharo-acetobutylicum, Clostridium 
inverto-acetobutylicumy Clostridium saccJmro-butyl-acetoiiicuTri-liquef^^ 
denSy and Clostridium celerifactor [see, for example, Hildebrandt and 
Erb (1939), Tarvin (1941)]. Specific strains of these species are some¬ 
times further designated by Greek letters, alpha (a), beta (jS), etc., 
for example, CL saccharo-acetobutylicunirp. 

From this discussion it will be seen that the choice of an organism for 
butanol-acetone fermentation depends upon the nature of the raw ma¬ 
terial being used, the ratio of the end products desired, and other fac¬ 
tors. 

The preparation of the starter or seed for large-scale fermentations 
starts in the laboratory, where a vigorous bacterial strain is constantly 
maintained. It is interesting to note that several investigators have 
observed that continued subculture of the stock culture in common 
laboratory media results in the organism becoming sluggish, a condition 
which reduces the yield of solvents. However, it has been found that, 
by maintaining the spores of the organism in sterile soil, alkaline-buf- 
fered mashes, or other substances and by subjecting these spores to 
heat shock or pasteurization (100®C. for 1 to 2 minutes) just before 
their use, the solvent-producing ability of the culture can be maintained 
at a high level. After these steps the culture is first grown in a test 
tube containing sterile mash for 24 hours at 37°C. (98®F.) and then 
transferred to a larger amount of the same sterile mash. This build-up 
process is continued under carefully controlled conditions until a starter 
equal to about 1 to 4 per cent of the main mash is obtained (see Fig. 6). 
The main mash is then inoculated with the final starter by direct 
mixing or by so adding the starter that it does not mix at once with the 
main mash but lies on the upper surface in an almost undisturbed 
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layer. Layering the starter in this way on molasses mashes permits the 
communal action of the bacteria to come into play. 

3. Fermentation op the Mash. Butanol-acetone fermentation is 
carried out in a closed fermenter, and it is essential to steam-sterilize 
the fermenter, pipes, and other equipment with which the mash or 
starter comes into contact if a satisfactory yield of solvents is to be 
obtained. Unless sterile conditions prevail, the lactic acid bacteria and 
other organisms cause considerable trouble in this fermentation [Fred, 



Timm Homs 


Fia. 7. Number of Bacteria, Time of Reduction of Methylene Blue, and Acid 
Production during Butanol-Acetone Fermentation by Clostridium acetobiUylicum, 
(From Peterson and Fred, 1932.) 

Peterson, and Mulvania (1936)]. Various techniques are employed 
to detect contamination in the fermenting mash; perhaps the most 
sensitive way is to compare observations on gas evolution and titrat- 
able acidity with those of known normal fermentations. For example, 
gas evolution in starch mashes should increase uniformly after about 
12 to 18 hours, and the titratable acidity should rise to a peak in 16 
to 20 hours and then drop rapidly during the next 10 hours (see Figs. 
7 to 11). In contaminated mashes the evolution of gas during the 
early stages of fermentation may be slow or may stop entirely, and the 
acidity may continue to rise after the normal maximum has been 
reached. The solvents, on the other hand, increase very slowly during 
the first 24 hours in normal fermentation of starch mashes, but then 
they increase at a more rapid rate as the titratable acidity decreases 
(see Fig. 9). The decrease in starch, the increase in soluble nitrogen, 
and other data on the butanol-acetone fermentation of com mash are 
given in Figs. 7 to 11, taken from the paper by Peterson and Fred 
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(1932), Other similar data on the fermentation of glucose, mannitol, 
calcium gluconate, and arabinose by Clostridium acetohutylicum will be 
found in the paper by Johnson, Peterson, and Fred (1931). 

The optimum temperature for acetone-butanol fermentation varies 
somewhat, depending upon the type of mash and the species employed. 
Starch mashes being fermented by CL acetohutylicum are usually con¬ 
trolled at about 37®C., whereas soluble carbohydrate mashes being 
fermented by other related species are held preferably at 30° to 35°C. 



Fig. 8 . Changes in Carbohydrates and Forms of Nitrogen during Butanol-Ace tone 
Fermentation by Clostridium acetohutylicum. (From Peterson and Fred, 1932.) 

The lower fermentation temperatures have an advantage in that less 
solvent is lost by evaporation. A pH range between 5.5 and 6.5 is 
usually satisfactory for all kinds of substrates. This range may be 
maintained by the introduction of ceHain materials into the mash be¬ 
fore fermentation. For example, the addition of calcium carbonate or 
other insoluble nontoxic bases in an amount sufficient to neutralize any 
free acidity, plus an amount in excess of this one to the extent of about 5 
to 7 per cent of the weight of the calculated sugar, will maintain the 
reaction within the operative range. 

Active fermentation starts about 2 to 3 hours after the mash has been 
inoculated and is usually complete in 40 to 48 hours. The fermented 
mash contains between 2 and 4 per cent of solvents at the end of the 
fermentation. 

4. Yield and Recovery op End Products. The most important 
products formed in butanol-acetone fermentation are butanol, acetone, 
ethyl alcohol, and the gases CO 2 and H 2 . The approximate yield of 
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these substances under various conditions is shown in Fig. 6, p. 958, 
and Table 13. It will be seen from this table that other substances, 
such as various acids and acetoin, are also frequently encountered 
as end products in this fermentation. 

In addition to the substances mentioned, a yellow oil and the vitamin 
riboflavin can also be recovered from this fermentation when grain 
mashes are used. According to Marvel and Broderick (1925), the 
yellow oil constitutes 0.5 to 1.0 per cent of the total yield of solvents 



Fig. 9. Two Experiments Showing Acid Production and Solvent Formation during 
Butanol-Acetone Fermentation by Clostridium acetobutylicum. (From Peterson and 

Fred, 1932.) 

and consists of a high-boiling-point mixture of n-butyl, amyl, isoamyl, 
and n-hexyl alcohols and the n-butyric, caprylic, and capric esters of 
these alcohols. Yields of riboflavin of over 500 ng. per gram of dried 
fermentation filtrate have been reported by Arzberger (1943). The 
synthesis of this vitamin by Clostridium acetohutylicum is inhibited by 
as little as 3.2 mg. per liter of mash of certain metals, particularly 
iron, cobalt, nickel, copper, lead, and zinc. 

The three primary end products (butanol, acetone, ethanol) are re¬ 
covered by the usual continuous-type beer still and a fractionation 
column (see Fig. 6). The beer still concentrates the solvents by about 
50 per c^nt, and then the column still separates this concentrate into 
the three components, 

5. By-products Produced. When a grain mash is used for butanol- 
acetone fermentation, by-products occur at four points in the process 
(see Fig. 6). First, the germ oil and meal are present when the grain is 
being prepared for the roller mill; second, the husks are separated from 
the corn meal after the milling process; third, a mixture of CO 2 and 
H 2 is produced during fermentation; and, fourth, the spent grain is 









Products of Butanol-Acetone Fermentation by Various Anaerobic Bacilli 
[From Davies and Stephenson (1941) and others) 
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recovered from the beer still after the mash has been fermented. The 
fermentation gases and residue also occur when molasses is used as the 
substrate. 

The various grain and molasses residues are now widely used as feed 
for livestock. According to Groschke and Bird (1941) and Braude and 
Foot (1942), such residues have high nutritional value. The gases are 
purified by “scrubbing'^ with water and then are used to produce 



Fig. 10. Nature of the Volatile Acids 
Formed during Butanol-Acetone Fer¬ 
mentation of Clostridium acetobutylicum. 
(From Peterson and Fred, 1932.) 


Fig. 11. Gas Production during Butanol- 
Acetone Fermentation by Clostridium 
acetobutylicum. (From Peterson and Fred, 
1932.) 


synthetic methanol or ammonia by catalytic process. Part of the CO 2 
may also be used to manufacture dry ice. 

6. Uses of the Main Fermentation Products. Acetone was the 
important product of this fermentation during World War I, but now 
butanol is of greater importance. A few of the uses of these products, 
as well as methanol, which is a synthetic by-product, are presented in 
Fig. 12. New uses are continually being found for these substances 
[see Wynkoop (1943)]. 

The Mechanism of Butanol-Acetone Fermentation, Several 
mechanisms or schemes have been proposed to account for the end 
products arising in normal butanol-acetone fermentation. However, 
to be acceptable, a scheme must satisfy conditions in respect to the 
rate of formation, as well as the relative proportions, of each of the 
eight or nine products formed in the dissimilation of carbohydrates 
(see Table 13). For example, the data in Fig. 10 show that during 
butanol-acetone fermentation butyric acid disappears more rapidly 
and more completely than does acetic acid. According to several in¬ 
vestigators, this fact accounts for the production of a greater proportion 
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of butanol than of acetone. As Figs. 9 and 10 show, the decrease in 
butyric acid is coincidental with the increase in butanol. Also it has 
been shown that the addition of butyric acid to a fermenting mash in¬ 
creases the yield of butanol. These facts suggest that butanol arises 
in this fermentation through butyric acid. On the other hand, a de¬ 
crease in acetic acid is accompanied by an increase in acetone (see 
Figs. 9 and 10), and the addition of acetic acid, acetoacetic acid, or 
pyruvic acid to the mash increases the quantity of acetone produced 
[Johnson, Peterson, and Fred (1933), Davies (1942)]. 

The older schemes proposed for butanol-acetone fermentation by 
Neuberg and Arinstein (1921), Speakman (1923), and others have been 
generally discarded. However, the mechanism suggested by Kluyver 
(1931) and his associates, Donker and van dor Lek, may be cited as 
one example in which the results of quantitative determinations of the 
various fermentation products are in much better accordance with their 
presumed mode of origin. Their scheme for the breakdown of glucose 
may be represented by the following equations: 


CeHnOe-> 2CH,-CO-CH(OH)a 

Methylglyoxal 

hycU'ate 

__ ___ 4 


CH,-CH(OH)a-CH,COOH+2H 

|+H,0 

CH,- CO • CHa- COOH-> 

Acetoacetic acid 


2CH,-CHO+2HCOOH 

i 

_ 2CO,+2H, 

Ethyl alcohol 


CH,-C0CH3+C02 

Acetone 


CH,CHOHCH.-CHO 

Acetaldol 


i 


CH,- CH, • CH.- COOH +4H 

Patjrrlc acid 


> CH,- CH:CH* CHCOH), 

Orotonaldebyde 


> CH.-CH,-CH,-CH,OiH-l-H.O 

Butyl alcohol 


Even though this scheme accords with some of the facts for butanol- 
acetone fermentation, it is still incomplete in view of certain recent 
findings. For instance, it does not account for the formation of the 
small amount of acetoin which is usually encountered in this fermenta¬ 
tion. Also it seems unlikely that methylglyoxal and acetaldol are nor¬ 
mal intermediates, since they are known to be quite toxic even in small 
amounts. Furthermore, acetic acid may arise through the acetyl 
phosphate reaction of Lipmann rather than by way of acetaldehyde 
hydrate. In view of these facts the study by Simon (1943) is very in¬ 
teresting. Simon believes that the assumption of enzyme systems 
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similar to those known to exist in yeast and lactic acid bacteria, which 
break sugar down into C 3 compounds, has to be discarded in favor of a 
different mechanism for Clostndiurn acetobutylicum. This conclusion 
was reached after it was observed that the Ci atom of five- or six-carbon 
compounds did not play a part in the formation of C 4 products, such 
as butyric acid or butanol. For example, if the aldehyde group of 
glucose was changed to a carboxyl group (gluconic acid) or to a CH 2 OH 
group (mannitol, sorbitol) or to glucose-1-phosphate (Cori ester), 
butyric acid was formed in all cases. However, if the CH 2 OH group 
at carbon six on glucose was replaced by a carboxyl (galacturonic 
acid), only acetic acid was formed. Likewise, when glucose- 6 -phos- 
phate was used, only traces of butyric acid were formed, and glucose- 
l: 6 -phosphate yielded only acetic acid. Phosphoglyceric acid and 
glycerophosphate were not attacked at all, and pyruvic acid yielded 
only acetic acid. It seems quite likely, however, that acetoacetic acid 
is the precursor of acetone and that butanol arises in some manner 
from butyric acid. In fact, Davies (1942, 1943) has actually isolated 
from CL acetobutylicum the enzyme system which is responsible for 
the decarboxylation of acetoacetic acid to acetone, but more enzyme 
studies are needed in this field before we can say definitely by which 
route the end products arise in butanol-acetone fermentation. 

BUTANOL-ISOPROPYL ALCOHOL FERMENTATION 

This fermentation, in which butanol and isopropyl alcohol are the 
most important end products, has much in common with true butyric 
fermentation and butanol-acetone fermentation. In fact, the bacteria 
responsible for all three are so closely related in many respects that it is 
sometimes quite difficult to separate them taxonomically. Usually, 
however, qualitative and quantitative analyses of the end products of 
sugar dissimilation are somewhat different for the various species or 
strains responsible for the three fermentations, and, as a result, they 
are generally regarded as separate fermentations. 

The occurrence of butyric acid and butanol as fermentation products 
of anaerobic bacilli was discovered by Pasteur and Fitz during the 
second half of the last century. Isopropyl alcohol, on the other hand, 
was not isolated from fermentation mixtures until about 1906, when 
Pringsheim showed that it was formed by certain bacteria. Since that 
time several organisms, including some strains of the true butyric 
acid and butanol-acetone bacteria, have been found to produce iso¬ 
propyl alcohol in varying quantities. The bacteria which form the 
greatest amounts of this alcohol, however, are usually strains of 
Clostridium butylicum and Bacillus technicus. 
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Butanol and isopropyl alcohol are both good solvents, and they are 
widely used in certain industries. The production of isopropyl alcohol 
by fermentation, however, is not of great importance industrially, be¬ 
cause the present demand is being met by various petroleum-cracking 
processes. On the other hand, this fermentation is of some academic 
interest, and it could probably be placed on an industrial basis if the 
demand became unusually great. A few general remarks concerning 
this fermentation will be made; for more details the theses and papers 
by Donker (1926), Morikawa (1927), Morikawa and Prescott (1927), 
van der Lek (1930), Dunn (1934), Osburn (1935), Osbum and Work¬ 
man (1935), Osburn, Brown, and Workman (1937, 1938), Langlykke, 
Peterson, and McCoy (1935), Langlykke, Peterson, and Fred (1937), 
Sjolander, Langlykke, and Peterson (1938), and Brown, Stahly, and 
Workman (1938) should be consulted. 

As we have mentioned, certain strains of CL hutylicum produce quite 
large amounts of butanol and isopropyl alcohol from sugars. As a re¬ 
sult this species has been widely studied. In general, the optimum 
growth conditions for this organism are the same as those needed for 
the cultivation of the butanol-acetone bacteria. Glucose, wood sugars, 
and other carbohydrates can be used as a substrate; yeast extract, 
malt sprouts, peptones, corn-steep water, corn gluten, and liver ex¬ 
tracts have been employed as a source of nitrogen and growth factors. 
The best temperature for growth is 37°C., and the optimum reaction 
is between pH 6.5 and 7.2. The fermentation is complete in 3 to 7 
days. The quantities of end products formed from sugars by CL 

TABLE 14 

Fermentation of Glucose * by Clostridium hutylicum 
[From Osburn, Brown, and Workman (1937)] 


Experiment 

Number 

Millimols of Products per 100 m. Mol. of Glucose Fermented 

Carbon 
Recov¬ 
ered, 
per cent 

Alcohols 

Acids 

Carbon 

Dioxide 

Hydro¬ 

gen 

Butyl 

Isopropyl 

Ethyl 

Butyric 

Acetic 

X 

67.6 

16.1 

2.9 

15.1 

0.1 

166.6 

75.8 

87.0 

2 

66.6 

15.1 

0.0 

6.1 

21.2 

197.0 

72.7 

95.0 

3 

58.6 

12.1 

0.0 

17.2 

17.2 

203.5 

77.6 

96.3 

4 

65.6 

13.8 

2.8 

13.8 

10.3 

189.5 

86.2 

95.6 

5 

54.1 

18.0 

0.0 

15.5 

12.9 

222.0 

1 

107.0 

96.2 


* Medium: glucose 2%, peptone 0.7%, yeast extract 0.2%, and K2HPO4 0.1% in the presence ol 
nitrogen. 
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butylicum vary considerably, depending upon the strain of organism, 
the sugar, and other factors. For example, Sjolander, Langlykke, 
and Peterson (1938) observed that more isopropyl alcohol was formed 
from crude hemlock and beechwood sugars than from glucose, but 
this situation was later found to be due to the acetic acid contained in 
the wood hydrolyzates. The addition of asparagine to certain mashes 
causes greater yields of butanol to be formed in place of butyric acid 
by Cl. butylicum [Brown, Stahly, and Workman (1938)]. In spite of 
these slight modifications the final products usually include butyl and 
isopropyl alcohols, butyric and acetic acids, carbon dioxide and hydro¬ 
gen gases, and sometimes traces of acetone and formic acid. Results of 
a few typical laboratory experiments are given in Table 14 to illustrate 
the quantities of products formed from glucose. 

An interesting change occurs in the fermentation of sugars by Cl. 
butylicum when relatively large concentrations of sodium bicarbonate 
are present (see Table 15). Alcohol production is almost completely 
suppressed, and the salts of formic, acetic, butyric, lactic, and propionic 
acids and methylglyoxal accumulate in the medium. 

The fermentation brought about by Bacillus technicus is quite similar 
to that described for Cl. butylicum. Fermented sugars (or koji rice) 
yield chiefly butyl and isopropyl alcohols, with variable ratios of hydro¬ 
gen and carbon dioxide gas. Small amounts of butyric and acetic 
acids and traces of acetone also occur, but no ethyl alcohol is formed. 

TABLE 15 

Fermentation of Glucose * by Clostridium butylicum in the Presence op 

Sodium Bicarbonate f 


[From Osburn, Brown, and Workman (1937)] 


Experi¬ 

ment 

Number 


Millimols of Products per 100 m. 

Mol. of Glucose Fermented 

Carbon 
Recov¬ 
ered, 
per cent 

Alcohols 

Acids 

Carbon 

Dioxide 

Hydro¬ 

gen 

Bviyl 

Iso¬ 

propyl 

Buty¬ 

ric 

Acetic 

Py¬ 

ruvic 

Lactic 

Formic 

1 

m 

0.0 

54.0 

24.0 

Bl 

43.5 

0.0 

135.0 

135.9 

91.7 

2 


3.0 

51.0 

33.0 


37.8 

0.0 

138.0 

150.0 

96.5 

3 


1.8 

33.7 

27.0 

11.2 

56.2 

27.0 

91.5 

87.4 

89.4 

4 


1.9 

30.6 

35.4 

7.6 

60.2 

47.8 

74.6 

57.9 

92.0 


* Medium: glucose 2%, peptone 0.7%, yeast extract 0.2%, and KsHP04 0.1% in the presence of 
nitrogen. 

t Sodium bicarbonate (8% solution) added about 14 hours after the start of fermentation; amount 
added equal to weight of glucose being fermented. 
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Under optimum conditions (pH 6 to 7, temperature 30® to 37®C., 
sugar 10 to 13 per cent, etc.) this facultative bacillus yields about 
30 per cent of alcohols, with a 2 : 1 or 3 : 1 ratio of butyl to isopropyl. 

It is fairly well agreed among investigators that the intermediate re¬ 
actions in this fermentation are similar to those occurring in butanol- 
acetone fermentation, except that the acetone is reduced to isopropyl 
alcohol, 

CH 3 CO CH 3 + 2 H CH 3 CHOH CH 3 

instead of accumulating in the solution. Some insight into the inter¬ 
mediate processes has been gained by determining the effect of adding 
various substances to glucose mashes undergoing fermentation [see 
Langlykke, Peterson, and Fred (1937), Osburn, Brown, and Work¬ 
man (1938)]. For example, added butyric acid is reduced to butanol; 
added acetic acid or acetone increases the yield of isopropyl alcohol. 
Acetaldehyde is converted to small amounts of ethanol and traces of 
acetylmethylcarbinol and 2 :3-butylene glycol. The addition of pyruvic 
acid increases the yields of butyl and isopropyl alcohol, which are 
normally formed from glucose. All these facts therefore add support 
to a scheme in which butanol arises from butyric acid, isopropyl alcohol 
is formed from acetic acid by way of acetoacetic acid and acetone, ^nd 
traces of ethyl alcohol are produced from pyruvic acid by decarboxyla¬ 
tion and reduction. 

ETHYL ALCOHOL-ACETONE FERMENTATION 

Ethyl alcohol-acetone fermentation is now primarily of historic 
and academic interest, although during World War I it was thought 
for a while that this process might constitute an inexpensive method 
for the production of acetone from cheap carbohydrates. In fact, 
the process was granted a patent at that time [Northrop (1919)]. 

Acetone was first shown to be a fermentation product of Bacillus mac-- 
erans by Schardinger about 1905 and of Bacillus violarius-acetonicus by 
Br^audat in 1906. Acetone, ethyl alcohol, acetic and formic acids, and 
gases were produced during the fermentation of potato starch by JS. 
macerans. Since Schardinger's discovery several other species of 
bacteria have been isolated and described as possessing similar fer¬ 
mentative properties. From the results of a study by Porter, McCles- 
key, and Levine (1937), however, it would appear that only two valid 
species belong to this group: Bacillus polymyxa and Bacillus mac- 
erans {Bacillus acetoethylicus), 

Donker (1926) placed the organisms of this group in a new genus, which he 
called AerobaciUtia, Because of the relative unimportance of these organisms the 
genus has not been recognized by Bergey^a Manuel (1939). 
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The B. macerans type of fermentation differs in several respects from 
the anaerobic fermentations just described. For example, the causative 
organism is not a strict anaerobe, but rather is facultative, since it can 
be cultivated under aerobic conditions. A great variety of substances, 
including pentoses, hexoses, pectin, starch, glycogen, polyhydric 
alcohols, and hydrolyzed com cobs, oat, and peanut hulls, will serve as 
a substrate. The optimum fermentation temperature is about 40°C. 
The best yield of solvents occurs when the initial pH is between 7.6 and 
8.4; at higher pH levels the formation of organic acids is favored, and 
later in the fermentation, when the reaction becomes acid (pH 5.8 to 
6 .0), the yield of acetone and ethanol increases. Growth, however, 
occurs between pH 4.6 and 9.8. The time required for the fermenta¬ 
tion to reach completion is usually 5 to 7 days. The 3 deld of end 
products varies considerably, depending upon the strain of organism 
used, the carbohydrate, and other factors. Bacillus macerans usually 
produces between 3 to 10 per cent acetone, 7 to 40 per cent ethanol, 
and 1 to 4 per cent volatile (acetic) and nonvolatile (lactic) acids; 
considerable gas also arises, as well as traces of other products (see 
Table 16). 

TABLE 16 

Febmentation op Glucose ♦ by BaciUus macerans and Bacillus polymyxa 

[From Donker (1926)j 



Percentage of Glucose Fermented by 

Product 

Bacillus macerans 

BaciUus polymyxa 

Carbon dioxide 

52.6 

46.9 

Hydrogen 

1.52 

0.83 

Formic acid 

2.6 


Lactic acid 

Trace 

Trace 

Acetic acid 

5.2 

4.9 

Butyric acid 

Butyl alcohol 


0.8 

Ethyl alcohol 

31.2 

22.5 

Acetone 

9.1 

0.3 

Acetylmethylcarbinol 

Trace 

Trace 

2:3-Butylene glycol 

0.6 

19.1 


♦ Medium: yeast water, glucose 2%, and chalk 1%. Incubation: about 8 days 
at 30° to 37°C. 


Bacillus polymyxa produces a somewhat different type of fermenta¬ 
tion from B. macerans (see Table 16). In fact, its fermentation closely 
resembles that of Aerohacter aerogeneSy in which much slime, a consider¬ 
able quantity of 2:3-butylene glycol, and traces of acetylmethylcarbinol 
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and other products are formed (see pp. 952 to 953 on 2:3-butylene 
glycol fermentation). 

Several theories have been suggested in the past for the mechanism 
of the ethyl alcohol-acetone fermentation. The better known have been 
proposed by Speakman (1925), Bakonyi (1926), and Donker (1926). 
However, in view of the more recent findings on the internal mechanism 
of sugar breakdown by cells, it is felt that the schemes put forth by 
these workers need to be studied further before any of them can be 
accepted. The original reports by these investigators should be 
consulted for details. 

For further reading on ethyl alcohol-acetone fermentation the 
thesis by Donker (1926) and the papers by Northrop, Ashe, and 
Senior (1919), Northrop, Ashe, and Morgan (1919), Arzberger, Peter¬ 
son, and Fred (1920), Peterson, Fred, and Verhulst (1921), Fred, 
Peterson, and Anderson (1923), Speakman (1925), Bakonyi (1926), 
Porter, McCleskey, and Levine (1937), Zaitsev (1939), Stahly and 
Workman (1942), Stanier et al, (1944), and Ward, Pettijohn, Lock- 
wood, and Coghill (1944) should be consulted. 

MISCELLANEOUS ANAEROBIC FERMENTATIONS 

Numerous other organic substances can be formed as the result of 
activities of the anaerobic bacteria. All the processes leading to the for¬ 
mation of these compounds are of some academic interest, but none 
is of importance commercially at the present time with the exception of 
riboflavin production. A few examples may be mentioned. 

> Alcoholic Fermentation. Although a great many bacteria pro¬ 
duce small amounts or traces of ethyl alcohol from sugars, only two 
or three species are known which can produce relatively large amounts 
of this alcohol. An organism tentatively called Clostridium ethylicum 
has been studied by Weizmann (1938). It is capable of fermenting 
glucose or sucrose, yielding about 26 per cent alcohol, CO 2 , and H 2 , 
with traces of volatile acids and amines. Even more active in this 
respect, however, is Psevdomonas lindneri {Termohacterium mobile), 
which was first isolated by Lindner in 1930 from pulqu6, the Mexican 
national beverage made from the juice of cacti {Agave species). The 
principal products of the fermentation of glucose by this organism in 
an inorganic medium are ethyl alcohol (41 to 45 per cent), C02- (45 
per cent), lactic acid (6 to 7 per cent), and traces of other acids, glycerol, 
acetylmethylcarbinol, and higher esters and alcohols [Kluyver (1931), 
Schreder, Brunner, and Hampe (1934)]. Although it has been reported 
that Sarcina ventriculi is capable of growing aerobically, it is of interest 
to mention here that this organism is also able to produce an almost 
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truly anaerobic alcoholic fermentation of glucose. The end products 
consist of about 43 to 44 per cent ethyl alcohol, 47 per cent CO 2 , and 
small percentages of other substances, such as acetic and formic acids, 
acetylmethylcarbinol, and gaseous hydrogen [Smit (1930)]. 

Propylene Glycol Fermentation. Castellani (1931) and Kluyver 
and Schnellen (1937) have studied an organism known as Bacter-- 
ium rMmnosifermentans, which forms large amounts of propylene 
glycol (CH 3 *CH 0 H-CH 20 H) from the methyl pentose, rhamnose 
(CH 3 -CH 0 H-CH 0 H CH0H‘CH0H CH0). This bacterium is 
thought to be closely related to certain Escherichia species, although it 
exhibits considerable selective action in respect to the carbohydrates 
fermented and the nitrogen compounds utilized. For example, rham¬ 
nose is fermented more readily than other sugars, and peptone serves 
as a better source of nitrogen than do other substances, such as yeast 
water. The fermentation of rhamnose yields about 60 per cent propy¬ 
lene glycol, 22.5 per cent succinic acid, 24.4 per cent acetic acid, 5.0 per 
cent CO 2 , and traces of formic acid, ethyl alcohol, and gaseous hydro- 
gen. 

Riboflavin Production. With slight modifications of the usual 
butanol fermentation process quite large yields of riboflavin can be re¬ 
covered from the fermented mash. The synthesis of tliis vitamin by 
Clostridium acetohutylicum and related species was first disclosed by 
Miner in 1940, but yields of only about 25 to 60 ixg, of riboflavin per 
gram were obtained. Later Arzberger (1943) was granted a patent for 
a process which has been greatly improved by excluding certain toxic 
metals. Yields as high as 3,000 /xg. of riboflavin per gram of dried 
filtrate are now obtainable. 

Other Fermentations. Besides the substances we have men¬ 
tioned, other organic acids, alcohols, and methane can be produced 
from carbohydrates and related substances by bacterial action under 
anaerobic conditions. For example, the anaerobic dismutation of 
higher aldehydes by bacteria of the genus Acetobacter has been investi¬ 
gated by Neuberg and Windisch and Molinari [see Butlin (1936)]. 
They found that such species as Acetobacter xylinum and Aceto¬ 
bacter ascendens convert propionaldehyde to propionic acid and propyl 
alcohol, thus: 

2 CH 3 CH 2 CHO + H 2 O CH 3 CH 2 COOH + CH 3 CH 2 CH 2 OH 

where one molecule of the aldehyde is oxidized to the acid, while an¬ 
other is simultaneously reduced to the alcohol. Other aldehydes, such 
as n-butyraldehyde, isovaleraldehyde, benzaldehyde, cinnamaldehyde 
(CeHfiCHrCH CHO), and anisealdehyde (CH 3 O C 6 H 4 CHO), were 
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similarly dismutated to their respective acids and alcohols. Likewise 
furfural was changed to furfuryl alcohol and pyromucic acid, thus: 


V 


CHO 


+ H 2 O 


[^CHaOH (^( 

0 o 


'COOH 


and citronellal (a mixture of stereoisomeric ten-carbon aldehydes) was 
dismutated to citronellol and citronellic acid. In general, the chemistry 
of the above processes is less well known than is that of some of the 
fermentations listed on the preceding pages. 

The fermentative utilization of various cellulose-containing ma¬ 
terials offers numerous interesting possibilities in the field of fermenta¬ 
tions, and such substances have already been extensively studied by 
several investigators [see Fulmer (1936), Norman (1937), Bernhaucr 
(1939), Thaysen (1939), Buswell and Hatfield (1939), Waksman (1940), 
Norman and Fuller (1942)]. 


//. Oxidative (Oxybiontic) Bacterial Fermentations 

ACETIC ACID FERMENTATION (ACETIFICATION “) 

The acetification process is one of the longest known and used of 
our so-called fermentations. In fact, like the alcoholic and lactic acid 
fermentations, its history dates back to antiquity, when the ancients 
knew dilute acetic acid as vinegar,^^ which was obtained by allowing 
wine to undergo a natural souring. Some time between the fourteenth 
and seventeenth centuries vinegar brewing was established as a sepa¬ 
rate industry. Prior to that time it was made exclusively in the house¬ 
hold; later it was just a by-product of the wine producer and the 
brewer. 

Certain of the practical conditions necessary for vinegar manufac¬ 
ture from alcoholic solutions were known empirically for many years 
before it was recognized that the oxidation of alcohol to acetic acid was 
a result of the action of living organisms. For example, the production 
of beer and wine vinegar in a so-called generator, where sufficient 
oxygen could be supplied to hasten the process, dates back to about 
1670. Before that time it was made by a much slower method. Later 

Acetification is probably a more appropriate term than acetic acid fermenta¬ 
tion or vinegar fermentation for this process, since the transformation of ethyl 
alcohol to acetic acid is an oxidative process and not fermentative in the strictest 
Fasteurian sense. 

“ The word vinegar means literally sour or sharp wine, according to its deriva¬ 
tion from the French vinaigre (vin, wine, + ofgrc, sour or sharp). 
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(1732) vinegar was made by the Dutchman, Boerhaave, by an even 
faster method, and finally the German, or quick-vinegar, process was 
introduced by Schiitzenbach in 1815 to 1826. In 1786 and 1793 
Rozier and Lavoisier had already demonstrated that air was a neces¬ 
sary factor for vinegar production and had recognized it as an oxida¬ 
tive process. In 1814 Berzelius established the constitution of acetic 
acid, and Davy and Dobereiner synthesized it from wine in 1820 to 
1821, using platinum black as a catalyst. A year after acetic acid was 
synthesized, Persoon made a botanical study of the membrane (“vine¬ 
gar skin” or “mother of vinegar”) growing on the surface of vinegar 
liquids and gave the name Mycoderma to such films, and in 1837 
Kiitzing showed that these membranes contained minute organisms 
which he believed were associated with the acetification of alcohol. 
Berzelius and Liebig, who dominated chemistry at that time, however, 
sneered at these facts, since they believed the formation of the mem¬ 
brane was incidental rather than causal. Finally Pasteur’s classical 
experiments in 1868 proved the living nature of mother of vinegar 
and confirmed the view put forward by Kiitzing that the minute 
organisms which form a scum on beer and wine were really responsible 
for acetification. During the next forty years after Pasteur’s dis¬ 
coveries several species of vinegar bacteria were described and studied 
by Hansen, Lafar, Henneberg, Beijerinck, Brown, Hoyer, and others, 
and in 1903 the alcohol-oxidase enzyme system of vinegar bacteria was 
discovered by Buchner and Meisenheimer. For additional reading on 
the interesting history of acetic or vinegar fermentation the excellent 
review by Vaughn (1942) should be consulted. 

According to Bernhaucr (1939), the world production of acetic acid 
is about 270,000 tons, of which 40 per cent is made by fermentation, 
30 per cent by the distillation of wood, and 30 per cent by synthesis. 
In the United States over 75,000 tons of acetic acid and its derivatives 
was manufactured in 1938, and about twice this amount was made 
in 1941. Probably the greatest use of acetic acid is in ordinary vinegar, 
where it is used as a condiment directly on the table or as an ingredient 
in the manufacture of mayonnaise, French dressing, relishes, and other 
food articles. In addition to ordinary cider, vrine, and malt vinegars 
there are various special kinds, such as distilled or spirit vinegar, tar¬ 
ragon, and other herb vinegars. In this country the minimum amount 
of acetic acid allowed for such vinegars is 4 g. per 100 ml. at 20®C.; 
the vinegars also contain extractives and other substances which 
characterize the product. So-called vinegar essence, or double vinegar, 
is made from distilled spirits and may contain as much as 14 per cent 
acetic acid. Acetic acid has many other uses, and a great deal of the 
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supply for these purposes is produced synthetically or by the distilla¬ 
tion of wood. For example, it is used to produce esters which are em¬ 
ployed in the paint and perfume industries and to make acetic anhy¬ 
dride, acetone, and acetyl cellulose. 

Outline of the Acetic Acid Fermentation Process. There are 
two well-known fermentation methods for the production of acetic 
acid of vinegar: the slow process and the quick process. In the slow 
process the mash to be acetified is kept completely immobile, whereas 
in the quick method it is kept in movement, at least part of the time. 
The more important and more generally used method is the quick- 
vinegar process; but, although the slow process is now used to only a 
small extent, it produces a product of the finest quality, which is es¬ 
pecially rich in aromatic matter. Whichever method is employed, it 
must be realized that vinegar making is of necessity a two-phase 
process; the raw material must undergo alcoholic fermentation before 
acetification can proceed. 

Vinegar making is closely related to the food industries, and the pro¬ 
duction and uses of vinegar are usually discussed in some detail in food 
bacteriology courses. However, since it is essentially an aqueous 
solution of acetic acid, and since concentrated acetic acid or acetate 
esters can be obtained from it, the process will be outlined briefly. For 
more details on the manufacture of vinegar Fetzer (1930), Hansen 
(1935), Cruess (1938), Prescott and Dunn (1940), Hildebrandt (1941), 
Vaughn (1942), Tanner (1944), and the references cited by these work¬ 
ers should be consulted. 

Raw Materials and Their Preparation. Vinegar can be pro¬ 
duced from almost any substance which is capable of yielding alcohol 
by yeast fermentation. Apples, grapes or other fruit, malted barley, 
sugar from com and other grains, potatoes, molasses, and honey have 
been used for vinegar manufacture. The preparation of these materials 
for vinegar stock depends upon their nature. The juice of fruit must 
be expressed; the polysaccharide of starchy materials must be hydro¬ 
lyzed to a sugary solution for fermentation. Fmit juices are widely 
used in France and other European countries as a raw product, whereas 
malted grains are largely employed in England, and grape and apple 
juices, com sugar, and distilled spirits are used in the United States. 

In most fruits the yeast naturally present in the expressed juices is 
sufficient to bring about satisfactory alcoholic fermentation. To in¬ 
sure normal fermentation, however, the juice is frequently inoculated 
with a yeast starter which, in turn, may be developed from special 
strains of yeast (Saccharomyces ellipsoideus). Grain mashes, after 
hydrolysis with malt or by other means, are inoculated with a particu¬ 
larly pure strain of brewer^s yeast or with other similar strains. 
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It is usually desirable to control the alcoholic fermentation to in¬ 
hibit the lactic and acetic acid bacteria and to obtain maximum yields. 
In general, such control involves the adjustment of the sugar con¬ 
centration in the mash to about 9 to 10 per cent, maintenance of 
an optimum fermentation temperature (24® to 27®C.), treatment of 
the mash with sulfur dioxide to prevent infection, and a storage period 
of 2 to 3 weeks after the fermentation is complete to allow the yeast 
and other solids to settle. The clear liquid is then drawn off, and the 
optimum alcohol concentration is adjusted to assure proper acetifica- 
tion. Alcohol concentrations between 5 and 13 per cent by volume are 
successfully acetified; higher concentrations are distinctly toxic to 
the acetic acid bacteria, and lower concentrations usually result in 
overoxidation and loss of aroma and flavor. 

Acetipication. The acetification of alcoholic solutions to make 
dilute acetic acid or vinegar is accomplished either by the slow method 
in barrels or by the quick method in generators. 

The best known of the slow methods is the Orleans process j in which 
acetification is carried out in a horizontal, half-filled barrel, 50 to 54 
gal. in capacity. The barrel has holes at the top for the admission of 
air and is equipped with a thermometer, a funnel tube for pouring in 
fresh stock below the liquid surface, and a spigot or swan-neck at the 
bottom to draw off the finished vinegar. The process is started by 
filling one-fourth to one-third of the barrel with a good unpasteurized 
stock and then inoculating it with 3 to 4 gal. of a starter containing ac¬ 
tive acetic acid bacteria. Although many workers have recommended 
the use of pure cultures of acetic acid bacteria for the production of vine¬ 
gar, such practice has not been generally accepted for several reasons. 
For example, the construction of various equipment does not permit 
easy sterilization, and the pasteurization of vinegar stock is uneconomi¬ 
cal. The most common species which can be isolated from active vine¬ 
gar starters consist of Acetobacter aceti, Acetobacter xylinum, Acetobacter 
rancensy and Acetobacter melanogennm [see the classification of species 
by Vaughn (1942)]. 

After a few days at 20®C. a film forms on the surface of the liquid 
in the barrel, and the active acetification process increases the tempera¬ 
ture 2® to 3®C. At weekly intervals for a month fresh stock is added 
through the funnel tube until the barrel is about one-half full. After 
5 weeks 3 or 4 gal. of vinegar is removed, and the same volume of 
stock is replaced. By repeating this operation at weekly intervals 
the process becomes continuous. 

Several modifications of the slow method have been introduced. 
For example, Pasteur recommended a light grating of wood or float on 
the surface of the liquid to support the bacterial film and keep it intact 
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during active acetification. He also suggested that shallow vats might 
work very well for acetic acid fermentation. 

The quick, generator method is now generally used in industry be¬ 
cause, as its name implies, it is faster than the slow process. Several 
modifications of this method have also been devised; the more im¬ 
portant are known as the Boerhaave process, the Michaelis process, 
the English round-pump process, and the Frings process [see Hansen 
(1935), Bemhauer (1939), Vaughn (1942)]. A laboratory-sized, experi¬ 
mental quick-vinegar generator has also been designed by Hildebrandt 
(1941) for control work and for use in testing various factors affecting 
the acetification process. 

Almost all the standard quick methods involve the use of an upright 
acidifier (usually of wood) divided into three compartments and so 
designed as to afford a maximum of surface exposure and an optimum 
amount of air. The lower part of the generator is equipped with a 
false perforated bottom and a closed vinegar-collection compartment 
with a spigot below. The central acetification compartment just 
above the false bottom is quite large and is usually packed with a per¬ 
colating medium, such as beechwood shavings, upon which the bacteria 
colonize. Other loose-packing material, however, such as excelsior, 
rattan, com cobs, coke, and lump pumice, which offer large surface 
areas but do not impart off-flavors and odors to the vinegar, can be 
used in the acetification compartment. Near the top of the generator 
and above the percolating medium is a perforated top or distributing 
head, over which is arranged a rotating sprinkler or an automatic 
tilting device for distribution of the vinegar and alcohol-containing 
substrate over the percolating medium. Such generators are equipped 
with thermometers and air vents and usually contain an automatic 
centrifugal pump to force the mix intermittently from the bottom 
compartment to the sprinkling device at the top. The mix may be 
recirculated through the same generator until the desired acetification 
occurs, or it may be passed through two or more generators connected in 
series. Since the oxidation of alcohol to acetic acid liberates considera¬ 
ble heat, the temperature of the generators must be carefully controlled; 
some types of generators, for example, Frings, are equipped with a 
special cooling device. In the United States temperatures of 26® to 
32®C. (79® to 89®F.) are recommended, but somewhat higher values 
are used in other countries. According to Fetzer (1930), some large 
vinegar producers have as many as 7,000 generators producing, which 
yield approximately 20,000,000 gal. of 10 per cent vinegar per year. 
The newer type Frings generator, however, is larger and more efficient 
than these older generators, and fewer would be required to produce 
the same amoimt of vinegar. 
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Yield, Aging, and Preparation for Market. The acetification 
process is allowed to proceed until the vinegar reaches its proper 
strength. According to Cruess, approximately 1.26 g. of acetic acid is 
obtained from 1 g. of ethyl alcohol under favorable conditions. Cal¬ 
culated on the basis of sugar, this yield corresponds to about 50 to 55 
parts of acetic acid per 100 parts of sugar. The amount of acetic acid 
present at any given time during the acetification process may be cal¬ 
culated by steam-distilling a sample of the vinegar stock and titrating 
the acid in the distillate (1 ml. 0.10 AT alkali = 6 mg. acetic acid = 4.6 
mg. ethanol). 

After the vinegar has reached its maximum strength, it is placed in 
barrels or storage tanks for 6 to 18 months^ aging. The storage con¬ 
tainers must be completely filled and tightly sealed to exclude oxygen* 
otherwise certain species of Acetobacter, such as Acetobdcter aceti and 
Acetohacter xylinum, will gradually oxidize the acetic acid to carbon 
dioxide and water. In the slow-vinegar process considerable aging 
occurs during the course of manufacture; spirit vinegar, which is essen¬ 
tially a dilute acetic acid solution, is not improved by aging. 

After the aging period vinegar is usually clarified by filtration, pas¬ 
teurized at 60° to 68°C. (140° to 155°F.) for 30 minutes, and then 
placed in well-filled, noncorrosive containers for market. 

Mechanism of the Acetification Process. It is generally believed 
that the oxidation of alcohol to acetic acid by Acetohacter species is a 
two-step process, in which acetaldehyde or its hydrate serves as an 
intermediate [see Bertho (1932), Janke and Kropacsy (1935), Butlin 
(1936)]. Thus alcohol is first dehydrogenated to acetaldehyde; then 
the acetaldehyde becomes hydrated and is changed into acetic acid 
by further dehydrogenation. 

H 
I 

CHaC OH + Oa 
I 

H 

Ethyl alcohol 

H OH 

I I 

CH, CO + HOH - > CH, COlH| + Oj 

[hiL! 

Acetaldehyde 
hydrate 

Hoyer first showed in 1899 that acetaldehyde is an intermediate in 
the acetification process. Since that time it has been observed by 
numerous workers that in an incorrect vinegar-making process, con¬ 
siderable acetaldehyde appears in the generator. Neuberg and his 


OH 

I 

CH,CO + HaOi 

Acetic acid 


H 

I 

CH,CO + H,Oa 

Acetaldehyde 
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associates have also demonstrated acetaldehyde in this fermentation 
through calcium sulfite fixation. 

In a natural environment oxygen plays the role of a hydrogen ac¬ 
ceptor in the foregoing reactions. Under experimental conditions, 
however, other substances, such as quinone and methylene blue, will 
serve as hydrogen acceptors. Under anaerobic conditions, especially 
at high pH values (7.6 to 8.4), and to some extent in an aerobic en¬ 
vironment, acetaldehyde may act as the hydrogen acceptor for acetalde¬ 
hyde hydrate. The result is a dismutative change (Cannizzaro re¬ 
action) in which one molecule of acetaldehyde is reduced to ethyl 
alcohol and one of hydrated acetaldehyde is oxidized (dehydrogenated) 
to acetic acid; thus: 

OH OH 

CHa COH + OHC CHa CH3 CO + HOCH2 CH3 

i 

Acetaldehyde Acetaldehyde 'Acetic Ethyl 

hydrate ac‘d alcohol 

Although the foregoing equations represent the over-all acetification 
process, they are only an approximate explanation of the reactions 
involved. As indicated above, the amounts of alcohol, acetaldehyde, 
and acetic acid present at any given stage of the process depend upon 
several factors, such as oxygen supply, reaction (pH), temperature, and 
species of acetic acid bacteria. It is also quite possible, in view of recent 
findings by Lipmann and others, that some phosphorylated compound 
occurs as an intermediate. Finally it should be mentioned that under 
certain conditions some acetic acid bacteria oxidize acetic acid to 
other products. 


/-SORBOSE FERMENTATION 


In 1896 Bertrand isolated an organism which he called the sorbose 
bacterium {Acetobacter xylinum) because of its ability to oxidize sorbitol 
to the corresponding j3-keto carbohydrate, sorbose. 
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Since that time other Acetohacter species besides Acetobacter xylinum 
have been shown to possess this same property; in fact, Acetohacter sub- 
oxydanSy Acetohacter xylinoideSy and Acetohacter melanogenum appear to 
give the best yields of any species in this genus [see Butlin (1936), 
Fulmer, Dunning, Guymon and Underkofler (1936), Kresling (1940)]. 

Z-Sorbose is a compound of practical interest today because of its 
use in the synthesis of ascorbic acid (vitamin C). Reichstein and 
Griissner (1934) first demonstrated the importance of the Acetohacter 
species in this synthesis when they prepared ascorbic acid from glucose 
by the following reactions: 

H+Pt 1.^1^- Acetone 

Glucose -> o-Sorbitol - > Z-Sorbose- > 

-rx. , KMn04 ^ , HCl 

Diacetone sorbose -> Diacetone Sorbonic acid -> 


Z-Sorbonic acid 


Z-Ascorbic acid. 


In the United States and Russia other species, such as A. suboxydans 
and A . melanogenum^ are now used in place of A . xylinum for the con¬ 
version of d-sorbitol to Z-sorbose in this scheme. 

Sorbose can be made from sorbitol by two fermentation methods: 
(1) by surface growth of the bacteria in flasks or vats, and (2) by sub¬ 
merged growths in aerated rotary-drum fermenters [Fulmer, Dunning, 
Guymon, and Underkofler (1936), Wells, Stubbs, Lockwood, and Roe 
(1937), Wells, Lockwood, Stubbs, Forges, and Gastrock (1939)]. In 
either of these methods a medium containing sorbitol in concentrations 
between 10 and 35 per cent, yeast extract (0.5 per cent) or corn-steep 
liquor (0.3 per cent), and sometimes salts (CaCOs, Na 2 S 04 ) at pH 
4.2 to 6.4 may be used. Incubation at 28° to 30°C. under highly 
aerobic conditions is optimum for the fermentation. 

Yields of about 80 per cent sorbose have been obtained from 15.4 
per cent sorbitol in 9 to 12 days with the surface-growth method; 
higher concentrations of sorbitol are converted more slowly. With 
aerated rotary-drum fermenters, however, even better yields are ob¬ 
tainable, and in a shorter time. For example. Wells and his associates 
(1939) found that under controlled laboratory conditions d-sorbitol 
concentrations up to 30 per cent were rapidly and efficiently oxidized 
to Z-sorbose. In 10, 20, and 30 per cent sorbitol solutions practically 
quantitative conversion occurred duriqg fermentation periods of 
13.5, 24, and 45 hours, respectively. Results of pilot-plant-scale ex¬ 
periments were essentially the same as those obtained in the laboratory, 
although some sorbose was lost during the recovery and purification 
process. For instance, in one experiment in which a 30 per cent 
sorbitol solution and an incubation temperature of 30°C. for 34 hours 
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were used the following data were obtained: 

Total sorbitol available (dry basis) 163.4 kg. 

Total sorbose produced 151.0 kg. 

Total sorbose recovered 114.3 kg. 

Weight yield, based on sorbose produced 92.4% 

Weight yield, based on sorbitol recovered 69.8% 


For more interesting details of this fermentation process, the refer¬ 
ences cited on the preceding pages should be consulted. 

DIHYDROXYACETONE FERMENTATION 

Dihydroxyacetone is a white, crystalline substance with a charac¬ 
teristic odor and a sweet, cooling taste. It may be used as a sweetener 
for diabetic foods and for other purposes. The compound can be 

prepared by chemical means, such as the action of sodium hypobromite 
on glycerol, but the yield is not good [Butlin (1938)]. It can be ob¬ 
tained biologically, however, through dehydrogenation of glycerol by 
certain species of Acetobacter. This oxidation reaction may be written 
as: 

CH 2 OH CH 2 OH 

I -2H I 
HCOH -> C=0 

CH 2 OH iH20H 

Glycerol Dihydroxyacetone 

In this reaction the two activated hydrogen atoms are accepted by 
oxygen. 

Bertrand, working with his sorbose bacterium (Acetohacier xylinum) 
in 1898, first produced dihydroxyacetone by means of microorganisms. 
This discovery has since been confirmed by Visser^t Hooft (1925), 
Virtanen and Nordlund (1933), Underkofler and Fulmer (1937), Butlin 
(1938), and others, who have further improved the process and have 
shown that other species of Acetohacter, such as Acetobacter suboxydanSf 
likewise possess this ability to convert glycerol to dihydroxyacetone. 
It should also be mentioned that some Acetobacter species carry the 
oxidation of glycerol beyond the dihydroxyacetone stage. 

The medium used for this fermentation usually contains glycerol 
(6 to 26 per cent) yeast extract (0.5 per cent), and KH 2 PO 4 ( 0.1 to 
0.3 per cent) and is adjusted to a pH of 6.5 to 7.0. The lower con¬ 
centrations of glycerol are oxidized most rapidly; concentrations of 
phosphate above 0.3 per cent decrease the yield. Incubation at 28° to 
30°C. is optimum, and strong aeration greatly increases the yield of 
dihydroxyacetone. A 25 per cent glycerol solution under optimum 
conditions is almost quantitatively transformed by A. suboxydans in 
12 days, and a 15 per cent solution gives a 95 per cent yield of dihy- 
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droxyacetone in 3 to 4 days. The dihydroxyacetone may be recovered 
and purified by several methods without much loss of material. 

GLUCONIC ACID FERMENTATIONS 

Gluconic acid [CH 2 OH • (CHOH )4 • COOH] may be prepared by 
various chemical means and by biological methods in which micro¬ 
organisms are used. The production of d-gluconic acid, d-5-keto- 
gluconic acid, (i-2-ketogluconic acid, and d-aldehyde-gluconic acid from 
glucose by microbial means has been studied rather extensively by 
several workers during the past few years. A general outline of the 
bacterial processes will be given below; the literature should be con¬ 
sulted for more details [see Hermann (1929), Takahashi and Asai 
(1930, 1933), Hermann and Neuschul (1935), Pervozvanskil and Ivash¬ 
kevich (1939), Stubbs, Lockwood, Roe, Tabenkin, and Ward (1940), 
Lockwood, Tabenkin, and Ward (1941), Porges, Clark, and Gastrock 
(1942), Lockwood (1942), Stubbs, Lockwood, Roe, and Ward (1943)]. 

The various gluconic acids and their salts are widely used today for 
several purposes. For example, they may be employed in the manu¬ 
facture of certain medicinal and pharmaceutical preparations, in the 
tanning industry, as an ingredient in certain metal polishes, and for the 
preparation of tartaric acid and other substances. Furthermore these 
acids are of interest because they offer a means of extending the indus¬ 
trial utilization of certain agricultural products. 

Gluconic acid was first found to be a metabolic product of acetic 
acid bacteria by Boutroux in 1878-1880. Since that time numerous 
other microorganisms have been shown to produce the same acid. 
It has been only since about 1940, however, that the production of 
the ketogluconic acids by bacterial means has been fully realized. 
Stubbs, Lockwood, Roe, Tabenkin, and Ward (1940) found that the 
rates of formation and yields of the ketogluconic acids produced by 
bacteria could be greatly increased through the use of rotary-drum 
fermenters, aeration, and other special techniques. 

The 5-ketogluconic acid fermentation is brought about by various 
Acetobacter species, with Acetobacter suboxydans giving the best yields. 
A suitable medium contains glucose (10 per cent) as a substrate and 
corn-steep liquor (0.5 per cent) or other substances as a nutrient. A 
sterile slurry of CaCOs is used as a neutralizer during the fermentation. 
Aeration is essential for a rapid and maximum yield of ketogluconic 
acid; a gauge pressure of about 30 lb. per square inch and a sterile air 
flow of at least 400 cu. cm. per liter of culture medium per minute are 
optimum. Fermentation periods vary from 25 to 50 hours at 25® to 
30®C., but yields as high as 90 per cent may be obtained in 33 hours. 
Fermentation occurs in two successive steps: (1) the oxidation of glucose 
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to gluconic acid, and (2) the further oxidation of gluconic acid to 5-keto- 
gluconic acid. The second step does not begin until the first is sub¬ 
stantially complete. The bacterial population increases in the first 
stage but not in the second. 

Although it has been reported that certain Acetobacter species also 
produce 2-ketogluconic acid, much better results are obtained with 
various Pseudomonas species [Stubbs et al. (1940), Lockwood, Tabenkin, 
and Ward (1941)]. A medium containing glucose (10 per cent), corn- 
steep liquor (0.6 per cent), salts (KH2PO4, 0.06 per cent; MgS 04 - 
7 H 2 O, 0.025 per cent), and urea (0.2 per cent) has been found suitable 
for 2-ketogluconic acid production. The medium is incubated at 25° to 
30°C. for 2 to 4 days in a rotary-drum fermenter, strongly aerated, and 
rotated at thirteen revolutions per minute. With a strain of Pseudomo¬ 
nas fluorescens approximately 82 per cent yields of 2-ketogluconic acid 
are obtainable in 25 hours. In this fermentation 2-ketogluconic acid 
formation occurs simultaneously with glucose utilization, and bacterial 
growth takes place during the entire period. These events are in direct 
contrast with those occurring in 5-ketogluconic acid fermentation. 

Little is known about the formation of aldehyde-gluconic acid by 
bacteria, since the isolation and pure preparation of this acid are 
difficult [Bemhauer (1939)]. 

The mechanisms involved in the production of the gluconic acids 
from glucose by microorganisms have not been studied very exten¬ 
sively. It is assumed, however, that the processes are simple dehy¬ 
drogenation reactions in which gluconic acid is the first oxidation 
product formed from glucose. The transformation of gluconic acid 
to the keto- and aldehyde-gluconic acids may be represented by the 
following reactions, depending upon whether secondary or primary 
carbinol groups are attacked [Bemhauer (1939)]: 
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Further discussion of the production of gluconic acid by micro¬ 
organisms will be found on pp. 999 to 1006 on mold fermentations. 
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cT-TARTARIC ACID FERMENTATION 

Tartaric acid has been obtained for many years as a by-product of 
the wine industry and by various chemical methods. With some of 
these methods, however, mixtures of dextro-y meso-, and di-tartaric 
acids with oxalic and other acids are obtained. Furthermore, it is 
quite difficult and commercially impractical to separate these com¬ 
pounds. More recently Pasternack and Bro\vn (1940), Lockwood 
(1942), and Kamlet (1943) have described methods, which partly 
or completely involve the use of microorganisms, for the preparation 
of d-tartaric acid, 

HO H 

I I 

HOOCCCCOOH, 

I I 

H OH 

substantially free of isomers and other substances. The method 
used by Pasternack and Brown and by Lockwood begins with 5-keto- 
gluconic acid, which is obtained by chemical or biological processes 
This acid or its salt is then oxidized to tartaric acid by oxygen and 
metallic catalysts. Kamlet^s method, on the other hand, produces 
tartaric acid directly by the oxidative dissimilation of glucose by 
Acetobacter suboxydans. 

For details of the fermentation method the patent by Kamlet (1943) 
should be consulted. Briefly, however, it consists of cultivating a 
young culture of the organism in a medium containing glucose (10 per 
cent), corn-steep liquor or autolyzed yeast, and small amounts (for 
example, 0.1 to 0.5 per cent of the weight of glucose) of a vanadium 
compound, such as V 2 O 5 , as a catalyst. Strong aeration is essential, and 
the optimum temperature for the fermentation is 28° to 30°C. By 
the periodic addition of a sterile slurry of sodium carbonate the reaction 
of the medium is kept at pH 5.6 to 6 . 0 . The conversion of glucose to 
d-tartaric acid is complete in 8 to 24 hours, after which the acid is 
recovered by filtration and other treatments and finally precipitated 
as the potassium acid tartrate. 

Tartaric acid has several pharmaceutical uses, such as the prepa¬ 
ration of effervescent powders. It is also used in industry for making 
baking powders, dyeing and printing fabrics, photography, and tanning. 

MISCELLANEOUS AEROBIC BACTERIAL DISSIMILATIONS 

Various aerobic bacteria produce a great variety of othei? substances 
through their oxidative activities on carbohydrates, polyhydroxy 
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alcohols; and related compounds. Certain of these oxidations are 
unique in character, but with few exceptions they are of only scientific 
interest. A few examples are cited in Table 17, and others will be 
found in the literature and in Chapter 8. 

From 1898 to 1904 Bertrand found that certain acetic acid bacteria 
would convert H-arabinose to Z-arabonic acid, Z-xylose to Z-xylonic acid, 
galactose to galactonic acid, and mannose to mannonic acid. Since 
that time other workers have observed the same phenomenon with 
other bacteria. 

Bertrand also observed that his sorbose bacterium {Acetobacter 
xylinum) would oxidize certain polyhydroxy alcohols (erythritol, Z-arabi- 
tol, d-sorbitol, mannitol, perseitol, and volemitol) into their corre¬ 
sponding /3-ketone sugars, but other alcohols (xylitol, dulcitol, and 
iditol) were not dehydrogenated. On the basis of these results a gen¬ 
eral regularity for the oxidation of secondary carbinol groups by the 
acetic acid bacteria was deduced; this is now known as Bertrand^s rule. 
Thus a configuration which is favorable for dehydrogenation is one in 
which the carbinol group to be oxidized is in proximity to a second 
OH-group or in the m-position; on the other hand, carbinol groups in 
which this arrangement is different are not attacked: 

HO OH HO 0 

II I II 

R—C—C—CH 2 OH -» R—C—C—CH 2 OH; 

II II 

H H H H 

HO H 

I I 

R—C—C—CH 2 OH, not oxidized. 

I I 

H OH 

All the alcohols which have been mentioned fit this general rule, but 
there are also a few exceptions [Butlin (1936)]. Certain other Acetcbac- 
ter species are capable of producing similar oxidative reactions. For 
instance, Tilden (1939) foimd that Acetobacter suboxydans converts 
perseitol quantitatively to perseulose, and Pitcher (1941) observed 
that about 78 per cent of the ketose substance formed from i-inositol 
by the same organism consists of a diketo-T-inositol. 

The formation of aldoses from alcohols has been seldom observed, 
according to Bemhauer (1939). He notes, however, that certain or¬ 
ganisms are capable of oxidizing mannitol to mannose and dulcitol to 
galactose. * 
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TABLE 17 

Miscellaneous Substrates Oxidized by Certain Aerobic Bacteria and the 

Products Formed 

[From Takahashi and Asai (1933, 1936), Butlin (1936), Tilden (1939), 
Pitcher (1941), and Others) 
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TABLE 17 (CorUinited) 


Miscellaneous Substrates Oxidized by Certain Aerobic Bacteria and thi 


Products Formed 


[Prom Takahashi and Asai (1933, 1936), Butlin (1936), 

Tilden (1939) 


Pitcher (1941), and Others] 
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Takahashi and Asai (1933, 1936) have isolated certain species of 
Acetohacter from fruits which form kojic acid from mannitol and levu- 
lose and komenic acid from galactose. 

Other bacteria, such as streptococci, oxidize 2’3-butylene glycol 
to acetylmethylcarbinol, which in turn may be oxidized to diacetyl. 
Acetylmethylcarbinol and diacetyl are of special economic interest 
because they are chiefly responsible for the aroma of good butter 
[see Michaelian and Hammer (1935, 1936), Hammer, Stahly, Work¬ 
man, and Michaelian (1935)]. 

Alcaligenes fecalis oxidizes several steroid compoimds, such as cholic 
acid (3:7:12-trihydroxycholanic acid), desoxycholic acid (3; 12-di¬ 
hydroxy cholanic acid), hyodesoxycholic acid (3:6-dihydroxycholanic 
acid), lithocholic acid (3-hydroxycholanic acid), and dehydroisoan- 
drosterone, to their keto derivatives but has no action on estradiol 
(3:17-dihydroxy-13-methyl, on ring structure in cholic acid formula) 
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and estriol [see Hughes and Schmidt (1942), Schmidt, Hughes, Green, 
and Cooper (1942), Hoehn, Schmidt, and Hughes (1944)]. Cholic 
acid has the following formula: 



The end product of the action of Alcaligenes fecalis on cholic acid has 
been identified as 3:7:12-triketocholanic acid. It has been isolated 
in pure form and in 83 per cent of the theoretical yield from media 
containing up to about 1 per cent concentrations of cholic acid which 
has been incubated at 37°C. for 7 days. Concentrations of cholic acid 
above 1.8 per cent are not oxidized. A well-aerated medium favors 
the reaction. Analysis of the process at various intervals indicates 
that the 7-keto acid is the first oxidation product of cholic acid, the 
7:12-diketo acid the second, and the 7 12 3-triketo acid the last. 
This fact indicates that the hydroxyls of cholic acid undergo oxidation 
by A. fecalis in the same order as when they are treated with chromic 
acid. 

Mamoli and his associates [see Mamoli and Schramm (1938), Mamoli 
(1938), Mamoli, Koch, and Teschen (1939)], and Amaudi (1939) have 
also reported that some Corynehacterium species, yeast, and other 
organisms oxidize certain sex hormones, such as dehydroisoandrosterone 
to androstenedione, but the cholic acid compounds used by Hughes, 
Schmidt, and their associates were not employed in these studies. 

C. MOLD FERMENTATIONS 

The group of microorganisms known commonly as molds differ in 
many respects from yeasts and bacteria. For example, morphologically 
they are multicellular rather than imicellular organisms; physiologically 
they are essentially aerobic in nature; and they seem to have greater 
and more diverse synthetic powers than the true yeasts and bacteria. 

The organisms, or fungi, which are frequently classified with the 
molds may be divided into three or four main classes.*® They are: 

^*For more details on the classification of these organisms Bessey’s (1935) oi 
another book on mycology should be consulted. 
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1. The Phycomycetes, which usually possess nonseptate mycelia. 
Several families and many genera belong to this class. Three genera, 
Mucor, RhizopuSy and CircinelUiy may be cited as examples which will 
be mentioned in this section. 

2. The AscomyceteSj with some exceptions (yeasts), have septate 
mycelia and usually produce sexual spores endogenously in sacs or asci. 
The genera Byssochlamysj Endomyces, and Ustulina belong to this class 
and will be cited in Tables 20 and 21. Taxonomically the true yeasts 
also belong to this group. 

3. The Basidiomycetes form septate mycelia and bear sexual spores on 
a sterigmata, which is attached to a stalk or basidium. The rusts, 
smuts, mushrooms, and toadstools belong to this class. None of these 
forms will be discussed here, except that one species of the genus 
Boletus will be cited in Table 21. 

4. The Fungi imperfecti usually possess septate mycelia, and their 
characteristic method of multiplication is by means of free-borne 
conidia (spores). Some species, however, form oidia and chlamydo- 
spores. The genera in this class which will be mentioned in the discus¬ 
sion or listed in Tables 18 to 21 include: Aspergillusy Penicilliumy 
Fusariumy Oospora {Oidiuni)y Monilia, BotrytiSy Alternariay Cladospo- 
riuniy HelmirUhosporiuniy ClasterosporiuMy Caldariomyces {Fumago)y and 
Verticellium. 

Molds bring about many beneficial changes in nature, but some of 
their activities are harmful, causing diseases in plants and animals. 
A discussion of the role played by these organisms in the soil, in the 
deterioration and destruction of timber, textiles, and foods, in the prep¬ 
aration of food products, and in disease processes is beyond the scope 
of this book. In accordance with the general policy of considering in 
this chapter the formation and isolation of known chemical substances, 
however, a few mold fermentations will be discussed, and several 
known mold-metabolic products of scientific interest will be listed in 
tables to illustrate the diverse synthesizing powers of the molds. 

CITRIC ACID FERMENTATION 

Although citric acid, HOOC-CH 2 -C(OH)(COOH).CH 2 -COOH, 
was first isolated in a crystalline state from lemon juice by Scheele in 
1784, it was some 50 years later (1838) that Liebig showed it to be a 
tribasic acid, and not until 1893 did Wehmer find that it was a product 
of mold metabolism. 

Citric acid and its derivatives have many important uses today; in 
fact, more than 26,000,000 lb. is produced in this country each year 
to take care of the demands. According to Wells and Herrick (1938), 
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about 66 per cent of the citric acid used in the United States is em^ 
ployed in pharmaceutical products, such as citrates and effervescent 
salts, 15 per cent in foods (flavoring extracts, soft drinks, etc.,) 9 per 
cent in candies, and smaller amounts as an ingredient in ink, silvering 
agents, and engraving solutions, and in dyeing and printing calico. 
More recent research indicates that citric acid can be used in the man¬ 
ufacture of certain types of resins, dyes, and other products. 

Many plant tissues, especially those of the citrus variety, contain 
citric acid. In citrus fruits, sloes, and cranberries it is present in quite 
large amounts, along with traces of malic acid; but in fruits such as 
the cherry, strawberry, and raspberry these two acids occur in about 
equal proportion. The chief commercial sources for natural citric acid 
are cull lemons, limes, and pineapples [Wells and Herrick (1938), 
Schofield (1943)]. Before 1922 Italy and Sicily produced about 90 
per cent of the world supply of calcium citrate, the raw material used 
in the manufacture of natural citric acid. Other countries, including 
the United States, were almost entirely dependent on the Italian pro¬ 
ducers for their supply of these materials at that time. In fact, in 1922 
we imported about 16,000,000 lb. of calcium citrate and more than 
1,000,000 lb. of citric acid. Since 1927, however, very little calcium 
citrate and citric acid have been imported into this country because 
our domestic production has risen to a point where our demands can 
be supplied. This change is attributed in part to the following four 
factors [Wells and Herrick (1938)]: (1) the Tariff Act of 1922, which 
increased the duty on calcium citrate from 1 to 7 cents per pound and on 
citric acid from 5 to 17 cents per pound; (2) the large increase in acreage 
of lemon trees in California; (3) our increased imports of concentrated 
lemon juice; and (4) the large-scale manufacture of fermentation 
citric acid which began about 1923. Italy, Sicily, California, Hawaii, 
and the West Indies are the only places in the world where natural 
citric acid is produced today. Only about one-third of our domestic 
production is natural citric acid. 

The production of citric acid from sugars by mold fermentation was 
first discovered and patented by Wehmer about 1893. Since that 
time the process has been studied by numerous workers, who have been 
particularly interested in the various types of fungi which form citric 
acid, the factors which influence the fermentation, and the unique mech¬ 
anism by which sugar is converted into citric acid with its branched 
chain. More than two-thirds of our domestic production of citric acid, 
or about 17,000,000 lb., is now supplied by the fermentation industry. 
The acid is also made by this method in Belgium, Czechoslovakia, Ger¬ 
many, Great Britain, Japan, Russia, and other countries. Production 
figures for these countries, however, are unavailable. 
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It is not the purpose of this discussion to survey all the work which 
has been done on the mycological production of citric acid, but rather 
to outline briefly the fermentation process in so far as it is known. 
More complete details will be found in the literature [see Bemhauer 
(1939), Bemhauer and Iglauer (1936), Bemhauer, Iglauer, and Knob- 
loch (1941), Cahn (1936), Challenger (1929), Chatterjee (1942), 
Chrzaszcz and Leonhard (1936), Currie (1917), Doelger and Prescott 
(1934), Prescott and Dunn (1940), Smith (1942), Smyth and Obold 
(1930), von Loesecke (1945), Wells and Ward (1939)]. 

Outline of the Industrial Fermentation Process. The produc¬ 
tion of citric acid on a commercial scale by fermentation methods has 
been developed largely within the past 20 years, even though it has 
been known for more than 60 years that certain molds form large 
amounts of this acid from sugars. Numerous factors are involved 
in the eflScient large-scale operation of this process. These factors 
include the choice of the proper mold strain, the use of a suitable 
medium, and the control of such details as the ratio of the surface 
area to the volume of the substrate, the pH, the oxygen supply, and 
the temperature. Lack of knowledge concerning these factors was 
partly responsible for the slow development of this fermentation on a 
commercial basis. 

Wehmer first used a particular group of PenicilUuntrYiike fungi for 
citric acid production. He appropriately named these fungi Citromyces, 
the species Citromyces glaber and Citromyces pfefferianus being the ones 
with which he obtained the best results. Since Wehmer's early publica¬ 
tions Thom and his associates and others have shown that a large 
number of fungi in several genera have the ability to form citric acid 
in variable amounts. Certain strains of Aspergillus niger are now most 
commonly employed in citric acid fermentation, because they give 
imiformly high yields with minimum amounts of undesirable products. 
Heavy suspensions of spores are generally used to inoculate the sub¬ 
strate. The spores can be preserved by desiccation [Bemhauer, Iglauer, 
and Knobloch (1941)]. 

Substrates, usually sugars, containing 2 to 7 or 12 carbon atoms yield 
citric acid. The highest yields have usually been obtained from 12 to 
20 per cent solutions of sucrose, but in some instances fmctose, glucose, 
molasses, and other substances appear to serve about as well as a carbon 
source. Nitrogen may be supplied in the form of either ammonium 
salts or nitrates. Usually NH 4 NO 3 in concentrations of 0.16 to 0.32 
per cent has been shown to give high yields of acid. Several workers 
have also found that NH 4 CI, NaNOa, and KNO 3 serve as good sources 
of nitrogen for certain citric acid-producing molds. 
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It is impossible to make a general statement about the inorganic 
salts which give the best results in citric acid fermentation. It appears 
that the mineral requirements vary with the strain of organism being 
used and with other factors. The known essential elements, aside from 
carbon, oxygen, and nitrogen, are potassium, phosphorus, magnesium, 
and sulfur. These are conveniently supplied by KH 2 PO 4 in amounts 
varying from 0.03 to 0.1 per cent and by MgS 04 - 7 H 20 in concentra¬ 
tions from 0.01 to 0.05 per cent. Several investigators claim that trace 
amounts of zinc, iron, manganese, and other elements are also essential 
for the best growth of molds, and in some cases it seems fairly well 
established that certain of these elements influence acid formation 
Probably most of these trace elements are present in sufficient amounts 
in the other ingredients used in the media. 

The initial adjustment of the reaction of the medium is of primary 
importance in this fermentation; in general, the best citric acid-pro¬ 
ducing mold strains possess the greatest tolerance to low pH values. 
In the laboratory successful fermentations have been conducted without 
resorting to heat sterilization of the medium, providing that the 
initial pH is adjusted to 1.6 to 3.0 with normal hydrochloric acid. 
Sulfuric, nitric, acetic, and formic acids have been found to be inferior 
to hydrochloric for adjusting the reaction. Currie, Doelger, and Pres¬ 
cott and others have shown that a low pH favors the formation of 
citric acid, suppresses the production of oxalic acid, and minimizes 
the danger of contamination. It is known that contamination difficul¬ 
ties were at least partly responsible for the failure of the early attempts 
made in Europe to establish this fermentation process on a commercial 
scale. These difficulties were due more or less directly to the older 
practice of neutralizing the citric acid as it was formed with calcium 
carbonate. Present practice does not call for neutralization of the 
acid during the fermentation. In this respect this process differs 
from some of the other mold fermentations, such as gluconic acid 
fermentation. 

The relation between the surface area of the fungus growth and the 
volume of the substrate is an important factor which partially controls 
acid formation. Since the conversion of sugar into citric acid occurs 
within the cells of the mold growing on the surface of the substrate, 
diffusion processes play an important role in the transfer of sugar into, 
and of products away from, the mycelium. The ratio of surface area 
(square centimeters) to volume (milliliters) should be so adjusted as to 
allow maximum citric acid production in the shortest period of time. 
A ratio between 1.0 and 2.0 usually gives optimum results when a 
surface growth in shallow pans is used. Cahn (1935) has also obtained 
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good results by absorbing sugar solutions on beet pulp or cane pulp, 
which furnishes a large surface for fungus growth. Shallow pans made 
of highest-purity aluminum are apparently used industrially for citric 
acid fermentation. In pilot-plant studies May and his associates em¬ 
ployed pans measuring 43 X 43 X 2 in. with a capacity of 48 liters of 
substrate. On the basis of a 7-day process and a 50 per cent-weight 
yield of citric acid from 20 per cent sucrose solutions, it has been calcu¬ 
lated that between 30,000 and 40,000 pans of this size would be required 
to manufacture the estimated 17,000,000 lb. of citric acid produced 
annually by fermentation in the United States. 

Citric acid fermentation is usually carried out at a temperature be¬ 
tween 25® and 35®C., although temperatures as low as 20® and as high 
as 40®C. have been used with fair results. Little information is avail¬ 
able concerning the effect of other factors, such as aeration and agita¬ 
tion, on this process. We aasume that only small amounts of air are 
required to supply the necessary oxygen for the metabolic activities 
of the mold, since several workers have observed that large amounts of 
air have an adverse effect on the yield of citric acid. It has also been 
reported that agitation of the medium by gentle or moderate shaking 
retards the rate of acid production. Sziics (1944), however, has been 
granted a patent for a citric acid fermentation process which involves 
both gentle aeration and agitation. 

In the manufacture of citric acid by the shallow-pan method fer¬ 
mentation is complete in about 7 to 10 days. If the substrate is ab¬ 
sorbed on a porous material (beet or cane pulp), however, the time can 
be reduced to 2 or 3 days. 

The usual yield of citric acid is about 50 to 60 per cent of the weight 
of the sugar employed and 90 to 95 per cent of the sugar consumed. 
Greater yields have been reported under special conditions. The course 
of the fermentation can be followed by making sugar determinations 
and acid titrations at various intervals after the substrate has been 
inoculated. One milliliter of 0.1 N alkali in the titration corresponds 
to 6.4 mg. of anhydrous citric acid. 

Recovery of Citric Acid. After fermentation is complete, the 
solution is drained off and the mycelium mat is pressed to remove any 
acid present in the tissue. The citric acid may then be recovered by one 
of two methods: the first involves direct crystallization of the acid after 
yeast fermentation of the residual carbohydrate in the solution, and 
the second involves separation of the acid from the solution as the cal¬ 
cium salt, which is then reconverted to the acid by treatment with an 
equivalent amount of sulfuric acid. 
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The Mechanism of Citric Acid Fermentation. Much of the 
literature dealing with citric acid fermentation has been concerned 
with efforts to explain the conversion of carbon-containing compounds 
to citric acid. Most of the hypotheses which have been proposed to 
explain this process are unsatisfactory, but, in general, they have cen¬ 
tered around two points. The first involves a series of reactions in 
which the glucose chain is not broken into simpler units but merely 
becomes transformed in some way to citric acid with its branched 
chain. The second involves the breakdown of the sugar molecule into 
simpler compounds, such as acetaldehyde or acetic acid, which are then 
used to synthesize citric acid. 

Franzen and Schmitt, Challenger and his associates, and others have 
presented evidence which supports the first point. They suggested 
that the production of citric acid from glucose by plants, and pre¬ 
sumably also by molds, passes through gluconic and saccharic acids. 
The saccharic acid then loses two molecules of water to give the dienol 
of diketoadipic acid: 


CHO 

COOH 

1 

COOH 
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CHOH 

1 

CH 

II 

C—OH 

1 

CH 2 

1 

CHOH 

1 

CHOH 

1 

CHOH 

CO 

1 

1 

—* 1 

— » 1 

^ 1 

CHOH 

1 

CHOH 

CHOH 

C—OH 

II 

CH 

CO 

CHOH 

1 

CHOH 

j 

CHOH 

CH 2 

I 

CH 2 OH 
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1 

CH 2 OH 

Gluconic 

acid 

1 

COOH 

Saccharic 

acid 

COOH 

1 

COOH 

/3-7»Diketoaclipio 

acid 


These initial reactions are supported by the fact that the production 
of gluconic acid by Aspergillus niger and other molds has been re¬ 
peatedly demonstrated, and the formation of citric acid from gluconic 
acid has been observed. Furthermore, saccharic acid has been isolated 
from cultures of Aspergillus niger on glucose; citric acid has also been 
obtained by cultivating the same mold on potassium hydrogen sac- 
charate; and calcium saccharate and calcium citrate have been obtained 
when the mold is grown on calcium gluconate. On the other hand, all 
attempts to detect diketoadipic acid in cultures of molds on glucose 
or potassium hydrogen saccharate have failed thus far; and, when the 
diketo acid is added to media, it is not fermented to citric acid. Until 

For more discussion than can be presented here and for references to the litera¬ 
ture on this subject Challenger (1929), Wells, Moyer, and May (1936), Bemhauer 
(1939), Prescott and Dunn (19^), and von I^esecke (1945) should be consulted. 
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some measure of success has been obtained in these attempts, this 
view cannot be regarded as entirely established. Further evidence in 
favor of the hypothesis has been furnished, however, by the formation of 
citric acid when Aspergillus niger is grown upon solutions of salts of 
adipic and muconic acids. Presumably the production of citric acid 
from adipic acid proceeds by way of a double i 8 - 7 -diketoadipic acid: 

HOOC CH2 CH2 CH2 CH2 COOH 

Adipic .dd HOOC-CHa-COCO-CHa-COOH 

/ 3 - 7 -Diketoadipio acid 

The corresponding i 8 - 7 -dihydroxyadipic acid is probably the first prod¬ 
uct of oxidation, and the production of citric acid from muconic acid 
is apparently dependent on this acid as an intermediate. 

HOOC CH:CH CH:CH-COOH 

Muconic add HOOC • CHa • CHOH. CHOH • CHa • COOH 

/^- 7 -Dihydroxyadipio acid 

It is assumed that citric acid arises from i 8 - 7 -diketoadipic acid by a 
benzilic acid transformation, a process which is known to occur in vitro 
in the presence of alkali: 

HOOC-CH 2 CO CO CH 2 COOH + HOH 

/3-7-Diketoadipio acid 

HOOC • CHa • C(OH) (COOH) • CHa • COOH 

Citric acid 


Several workers have suggested that the gluconic and saccharic 
acids isolated from mold cultures are not intermediate compounds in 
the formation of citric acid but are produced by side reactions. The 
studies of these investigators appear to support the second point men¬ 
tioned, that is, the breakdown of sugar into simpler compounds for 
the synthesis of citric acid. These workers assume that glucose breaks 
down to compounds containing three carbon atoms, as in alcoholic 
fermentation by yeast, which then unite in some way to form citric 
acid. The three more important synthetic reactions involving acetalde¬ 
hyde or acetic acid are believed to be as follows: 

1 . The condensation of three molecules of acetaldehyde followed by 
an oxidation to citric acid: 


I HH-CH2 CHO 

I oicH CHa 

I ! + 

i H-i-CH 2 CHO 


CH2CHO CH2COOH 

ni cHs Hoi cooH 
I I 

CH2CH0 CH2C00H 
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Citric add 
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2 . The union of acetic and succinic acids to form tricarballylic acid, 
which is oxidized to aconitic acid. Citric acid is then formed by the 
hydration of aconitic acid: 


CH 2 COOH 

CH 2 COOH 

CHCOOH 

CH 2 COOH 

HCH2-COOH + 

— nicooH 

-2H 11 ±H20 
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3. The union of two molecules of acetic acid to form succinic acid, 
which is then oxidized to fumaric acid. Fumaric acid is then hydrated 
to yield malic acid, which in turn combines with another molecule of 
acetic acid to form citric acid: 


2 CH 3 COOH 

Acetic acid 


-> HOOC • CH 2 CH 2 • COOH HOOC • CH: CH • COOH 


Succinic acid 

CH 2 COOH 

I 

HOC COOH <- 

I 

CH 2 COOH 

Citric acid 


Fumaric acid 

I +1180 

CHOH-COOH 
CH 3 COOH+ I 

CH 2 COOH 


Acetic acid Malic acid 


For this third mechanism to be correct, according to Wells, Moyer, 
and May (1936), certain quantitative relationships should exist: ( 1 ) 
the citric acid : CO 2 weight ratio should not exceed 1.45 : 1.0, and (2) 
the weight yield of citric acid should not be more than 71.1 per cent. 
To test these points Wells and his associates carried out carbon balance 
experiments, with Aspergillus niger growing on solutions containing 
glucose as the sole source of carbon. Their results show that the theo¬ 
retical ratio of citric acid : CO 2 is greatly exceeded; in fact, the values 
for 5- to 12-day experiments consistently ranged from about 3.5 to 4.0. 
The weight yields of citric acid obtained were also much greater than 
the maximum theoretical values, being 85 to 90 per cent for 5- to 12-day 
experiments. Approximately 98 per cent of the carbon was accounted 
for in their studies. On the basis of these results, therefore, it seems 
unlikely that an alcoholic type of fermentation with acetic acid as the 
key intermediate occurs before citric acid is formed. 

In spite of all the work which has been done on this problem, the 
mechanism of the mycological production of citric acid is still obscure, 
and no one theory proposed accounts for all the facts which have been 
observed. Possibly more than one pathway is used by fungi in the for- 
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mation of this acid. Perhaps a modified citric acid cycle, as discussed 
in Chapter 6, together with some of the data mentioned above, will 
serve to explain the process. 


ITACONIC ACID FERMENTATION 


Itaconic acid [methylene succinic acid, COOH-C(CH 2 )-CH 2 * 
COOH] has been made in the past by the pyrolysis of citric acid, but 
recent developments indicate that it can be produced more economi¬ 
cally by a fermentation process. Kinoshita (1929, 1931) first reported 
that itaconic acid was a metabolic product of Aspergillus itaconicus, 
and later Calan, Oxford, and Raistrick (1939) also found that it was 
formed by Aspergillus terreus. Later Moyer and Coghill (1945) and 
Lockwood and Ward (1945) outlined laboratory-scale and semipilot- 
plant-scale methods for the production of itaconic acid by Aspergillus 
terreus. 

The semipilot-plant fermentation process for the manufacture of 
itaconic acid is carried out in shallow aluminum pans, 22 X 36 X 2 in., 
in a specially designed cabinet. The cabinet is constructed so that it 
can be sterilized with flowing steam and later aerated with sterile air 
during the fermentation. Twelve liters of the following medium are 
placed in each pan in the cabinet: 


Glucose 

MgS04*7H20 

NH 4 NO 3 

NaCl 

ZnS04-7H20 

Nitric acid (sp. gr. 1.42) 

Corn-steep liquor (concentrated) 

Distilled water to 

pH 


165 g. 

4.4 g. 

2.5 g. 

0.4 g. 

0.0044 g. 

1.6 ml. 

4 ml. 

1,000 ml. 

2.0 


This medium is inoculated with a suspension of spores; then the 
atmosphere in the cabinet is aerated at the rate of 5 liters of humidified 
sterile air per minute for 12 days. The temperature is controlled at 
30® to 32®C. 

The itaconic acid is recovered from the fermented medium by 
crystallization after the medium has been concentrated on a steam 
bath and cooled. The data in Table 18 illustrate typical results for. 
this fermentation process. It will be seen that yields representing ap¬ 
proximately 50 per cent of theory, and in excess of 25 per cent on a 
weight basis, are obtained. 

Little is known concerning the mechanism of itaconic acid production 
by molds. Kinoshita (1929, 1931) believed that this acid arises from 
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TABLE 18 

Production op Itaconic Acid from Glucose by Aspergillus terreus 
[From Ijockwood and Ward (1945)] 



Pan 1 

Pan 2 

Initial glucose, grams 

1,800 

1,800 

Glucose consumed, grams 

1,583 

1,539 

Itaconic acid produced, grams 

569 

602 

Yield of itaconic acid, * per cent 

49.9 

54.3 

Itaconic acid recovered by 



crystallization, grams 

453 

490 

Recovery efficiency, per cent 

79.7 

81.4 

Recovery weight yield, f per cent 

25.2 

27.2 

Mycelial weight, grams 

222 

144 


♦ Based on glucose consumed, assuming that 1 mole of glucose yields 1 mole of 
itaconic acid, 

t Ratio of grams of itaconic acid recovered to grams of glucose supplied. 

citric acid with aconitic acid as an ephemeral intermediate, but this 
theory has not been proved. 

Itaconic acid offers considerable promise as one of the raw materials 
for the manufacture of certain plastics and detergents. The quality 
of the product obtained by the fermentation process is such that fur¬ 
ther purification appears to be unnecessary before esterification in 
resin manufacture. 

GLUCONIC ACID FERMENTATION 

It has been known for a number of years that gluconic acid, CH 2 OH • 
(CH0H)4 • COOH, is a metabolic product of certain microorganisms. 
In fact, in 1878 Boutroux shovred that glucose is converted to this 
acid by bacteria {Acetohacter aceii)^ and in 1922 Molliard observed that 
molds {Aspergillus niger) form gluconic acid, as well as citric and 
oxalic acids, from sugar. Later Bernhauer (1924) isolated a strain of 
Aspergillus niger which produced gluconic acid almost exclusively when 
calcium carbonate was added to glucose-containing media of low 
nitrogen content. 

Since these early reports appeared, a number of molds of the genera 
Aspergillus and Penicillium have been found to produce gluconic acid, 
but some other fungi, like Mucor, Fusarium, and Monilia species, form 
only traces or none at all. The most active gluconic acid-forming 
species include certain strains of Aspergillus nigerf Aspergillus fumari’- 
cus, Penicillium purpurogenunv-rubrisclerotium, Penicillium chrysoge- 
num, and Penicillium irzebinski. Some of these strains convert 
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glucose almost quantitatively to gluconic acid under controlled con¬ 
ditions [see May, Herrick, Thom, and Church (1927), Herrick and 
May (1928), Moyer, Umberger, and Stubbs (1940), Knobloch and 
Mayer (1941)]. 

Gluconic acid can be made by chemical means, but for the most part 
the techniques are unsatisfactory for commercial operations. On the 
other hand, fermentation methods have been developed to a point 
where yields of gluconic acid up to 90 to 99 per cent of the glucose con¬ 
sumed can be obtained. According to Wells and Ward (1939), about 
600,000 lb. of calcium gluconate is produced in this country each year. 

Outline of the Industrial Fermentation Process (Pilot-Plant 
Scale). The older fermentation methods for producing gluconic acid 
consisted of growing one of the molds on a glucose-mineral salt medium 
of pH 3.0 to 6.4 in large flasks or in shallow aluminum pans arranged in 
cabinets especially designed to prevent contamination. In such con¬ 
tainers under ideal conditions, for example, a medium surface area 
(square centimeters)-volume (milliliters) ratio of 0.4 to 0.5, glucose 
solutions of 15 to 20 per cent yielded only about 60 to 80 per cent 
gluconic acid after 8 to 14 days at 25*^ to 30°C. [see May, Herrick, 
Moyer, and Wells (1934), Moyer, May, and Herrick (1936), Bernhauer 
(1939)]. 

More recently several new techniques have been developed for 
gluconic acid fermentation which not only increase the yield by 20 to 
40 per cent but also shorten the time from several days to one day or 
less. The first important improvement came when the rotary-drum 
apparatus was devised for the production of this acid and other sub¬ 
stances by submerged mold growths under increased air pressure [see 
Herrick, Hellbach, and May (1935), Wells, Lynch, Herrick, and May 
(1937), Gastrock, Porges, Wells, and Moyer (1938)]. This apparatus 
consists essentially of a horizontally mounted, hollow, cylindrically 
shaped aluminum drum, which is closed at both ends. It is equipped 
on the interior with buckets and baffles welded to the shell. They are 
to keep the fermenting culture thoroughly aerated and mixed with the 
liquid substrate while the drum is being rotated. Means for charging 
and emptying the drum, for rotating it at different speeds, for per¬ 
mitting humidified sterile air under pressure to pass through, and for 
sterilizing it are also provided. Several sizes of drums, ranging in total 
capacity from about 5 gal. to 420 gal., have been made; specifications 
and construction data will be found in the references just cited. 

Other new improvements in gluconic acid fermentation have been 
concerned with the optimum effect of agitation or speed of rotation of 
the drum fermenter, the air flow and air pressure through or within the 
drum, the choice of the proper mold, the development of the inoculum. 
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the composition of the fermentation solution, and the repeated re¬ 
covery and reuse of the submerged mold growths. These factors will 
be mentioned briefly below. For more details the original studies by 
Wells, Moyer, Stubbs, Roe, Herrick, and May (1937), Moyer, Wells, 



1. Tube culture 

2. Sporulation flasks 

3. Small rotating aluminum germination drum (17-liter volume) 

4. Large rotating aluminum drum fermenter (640-liter volume) 

6. Inlet for adding water for fermentation solution, inoculum from 3, and air 
during fermentation 

6. Air outlet 

7. Handhole for adding ingredients, removing mash, and cleaning 

8. Bag filter or press 

9. Aluminum tank for neutralization with calcium hydroxide milk 

10. Centrifuge (stainless steel basket, aluminum-lined curb) 

11. Vacuum evaporator for mother liquors 

12. Condenser 

13. Vacuum drier 

14. To calcium gluconate storage 

Fia. 13. Flow Sheet of Gluconic Acid Production by Mold Fermentation. (From 
Gastrock, Forges, Wells, and Moyer, 1938.) 
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Stubbs, Herrick, and May (1937), Gastrock, Forges, Wells, and Moyer 
(1938), and Forges, Clark, and associates (1940, 1941) should be con¬ 
sulted. 

In general, the rotary-drum fermentation process for the production 
of large amounts of gluconic acid consists of four main steps, in addition 
to the recovery and purification of the acid or its salts. These four 
steps, which are illustrated schematically in Fig. 13, may be briefly 
described. 


TABLE 19 

SxjiiiMART OP Media Used for Aspergillus niger in the Production op Gluconic 

Acid 

[From Gastrock, Porgcs, Wells, and Moyer (1938), Moyer, Umberger, and Stubbs 

(1940)] 



Medium 

Ingredient 

A 

B 

C 

D 


for 

culture 

for 

sporulation 

for 

germination 

for 

fermentation 

Grams per liter 





Refined corn sugar * 

30.0 

50.0 

100.0 

150-200 200-300 

MgS04*7H20 

0.10 

0.12 

0.25 

0.156 0.156 

KH 2 PO 4 

0.12 

0.144 

0.30 

0.188 0.188 

(NH4)2HP04 

NH 4 NO 3 

Peptone 

Potatoes 

0.225 

0.56 

0.80 

0.388 0.50 

0.25 

0.20 

0.02 


200.0 


Agar 

CaCOs 

20.0 

1.5 



4.0 

37.5 t 

26.0 t 26.0 t 

Boron (p.p.m.) t 
Milliliters per liter 




. 500-1,500 





Beer 


45.0 

40.0 


Corn-steep liquor 
Kind of water 


. 2.0-3.0 

Distilled 

Distilled 

Tap 

Tap Tap 


* Refined corn sugar, containing 91.5% of glucose and corresponding closely to 
glucose monohydrate, was usually used. 

t Sterilized separately and added at once or at intervals to the medium in the 
rotary-drum fermenters. 

t Boron (boric acid or borax) prevented precipitation of calcium gluconate and 
permitted greater sugar concentration. 
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First a suitable mold, usually a strain (U. S. Dept. Agr. No. 67 or 3) 
of Aspergillus niger, is cultured on slants of medium A (Table 19) 
for 7 days at 30®C. These slant cultures are then employed to inocu¬ 
late twenty or more 1-liter Erlenmeyer flasks, each containing 150 ml. 
of semisolid agar medium B, which has been found to be optimum for 
spore development. After these flasks have been incubated for 7 days 
at 30°C., the resulting mycelium with its heavy crop of spores is asepti- 
cally transferred to a vessel containing about 17 liters of medium C and 
macerated with a mechanical agitator. This mass is then divided into 
two portions, a proportionate amount of a sterile CaCOa slurry is added, 
and each portion is transferred aseptically to small rotary-drum fer¬ 
menters to permit spore germination and growth. The amount of mac¬ 
erated material added to the small drum fermenters should not occupy 
more than one-third of the total volume of the drum. Optimum germi¬ 
nation and growth occur in 24 hours at 30°C. when the following opti¬ 
mum drum conditions are maintained: 

Sterile air pressure 30 lbs. per square inch gauge (155 mm. Hg) 

Air flow 375 cu. cm. per liter per minute 

Speed of rotation 5.8 r.p.m. 

After germination the starter solution is blown, by way of hose con¬ 
nections, directly from the small rotary fermenters to a large 420-gal. 
drum containing about 140 gal. of one of the substrates listed under 
medium D; the substrate in the last column is now considered optimum, 
since greater sugar concentrations can be employed. The optimum 
drum conditions for large-scale fermentations are essentially the same 
as those used for small rotary fermenters, except that the air flow 
is usually increased to 440 cu. cm. per liter per minute, the speed of 
the rotating drum is increased to 6.0 to 9.5 r.p.m., and an antifoam 
agent (octadecyl alcohol) is added at frequent intervals. 

The most favorable reaction for the main fermentation is about 
pH 5.0. This reaction can be maintained by the addition of a sterile 
slurry of calcium carbonate in the amount of 2.6 g. of CaCOa per 100 ml. 
of medium. The optimum temperature for gluconic acid fermenta¬ 
tion is about 30®C. However, because of the exothermic nature of this 
oxidative reaction, the temperature of the contents of the large drum 
will increase during fermentation to a value more than 10°C. in excess 
of the optimum unless it is controlled. A thermostatically regulated 
water spray applied to the exterior of the drum is generally used to 
keep the temperature at the proper value. 

The quantity of gluconic acid formed varies somewhat from one 
run to the next, depending upon the factors mentioned. In a typi- 
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cal fermentation carried out by Gastrock and his associates in 1938 
with germinated spores, a charge of 91 kg. (200 lb.) of refined com 
sugar in a total volume of 530 liters (140 gal.) was fermented in less 
than 24 hours, with yields of gluconic acid in excess of 95 per cent 
of the sugar present and 97 per cent of the sugar consiuned. 

The main difficulties encountered in this process, especially when 
sugar solutions of 20 per cent or more are used, have been the inhibition 
of fermentation by the precipitation of calcium gluconate on the mold 
myceliiun, and injury to the fermenting organism by exposure to free 
gluconic acid. These defects have now been overcome by the selection 
of new strains of molds and by the addition of boron compounds 
(boric acid or borax) with an excess of calcium carbonate during the 
fermentation. The boron salts form soluble complexes with calcium 
gluconate. In fact, the precipitation of calcium gluconate during the 
normal fermentation of 20, 25, 30, and 35 per cent glucose substrates 
can be prevented by the presence of 500,1,000,1,500, and 2,500 p.p.m., 
respectively, of boron [Moyer, Umberger, and Stubbs (1940)]. 

Forges, Clark, and their associates (1940, 1941) have further im¬ 
proved this method of gluconic acid production by placing it on a semi- 
continuous basis. This improvement is achieved by recovering and 
reusing the submerged growths of Aspergillus niger (strain No. 67) in 
nine to thirteen fermentations. Such a procedure eliminates the lag 
period which occurs in single-batch fermentation and thus saves time 
(8 to 12 hours), equipment, and effort. 

Recovery of Calcium Gluconate. At the end of the fermenta¬ 
tion the solution contained in the rotary fermenters is transferred 
through a pipe line to cotton bags, or a leaf-type pressure filter of alumi¬ 
num, in order to remove the mycelial growth. The calcium gluconate 
is then recovered by adding a suspension of calcium hydroxide to the 
clear filtrate. Crystallization of the salt occurs in 24 to 48 hours at 
about 20°C. The gluconate crystals are separated from the mother 
liquor by centrifugation, washed twice with cold water, and dried in 
aluminum pans at a temperature below 80°C. The mother liquor and 
the washings are concentrated under vacuiun, and a second crop of 
calcium gluconate is recovered. The steps in this process are presented 
schematically in the form of a flow sheet in Fig. 13 [Gastrock, Forges, 
Wells, and Moyer (1938)]. 

Mechanism of Gluconic Acid Fermentation. In gluconic acid 
fermentation glucose is oxidized to gluconic acid by a glucose oxidase: 

H0H2C-(CH0H)4-CH0 + 5 O 2 H0H2C-(CH0H)4-C00H 

Qluoose Qlueonio aoid 
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By alcohol precipitation of the aqueous extract of the mycelium the 
enzyme can be quite easily isolated from the pressed juice of gluconic 
acid-forming molds. Certain strains of Aspergillus niger not only ox¬ 
idize cJ-glucose to d-gluconic acid but likewise convert d-mannose to 
d-mannonic acid and d-galactose to d-galactonic acid. Maltose, sucrose, 
lactose, and some other carbohydrates also yield small amounts of glu¬ 
conic and similar acids [Knobloch and Mayer (1941)]. 

FUMARIC ACID FERMENTATION 

Fumaric acid, HOOC*CH:CH*COOH, has been known chemically 
for many years and was first reported to be a mold-metabolic product 
by Ehrlich in 1911. It is now known that the formation of large 
amounts of this acid by molds is mainly limited to species of Rhizopus, 
especially strains of female races of Rhizopus nigricans. However, 
species in other genera, such as Mmor^ Circinellay Cunninghamella, 
Penicillium, and Aspergillus^ also produce small amounts [Bernhauer 
and Thole (1936), Foster and Waksman (1939), Waksman (1943), 
Kane, Finlay, and Amann (1943)]. 

Early studies on the production of fumaric acid by Rhizopus nig¬ 
ricans reported yields which were either variable or insufficient for the 
utilization of the process for industrial purposes. More recent studies 
by Foster, Waksman, Kane, and their associates, however, show that 
yields of 40 to 50 per cent, on the basis of the sugar consumed, are 
possible with certain specific strains of this mold. These methods have 
been patented and are probably being used commercially. 

A variety of carbohydrate substances may be employed as a sub¬ 
strate. Glucose, sucrose, molasses, and other sugar-containing sub¬ 
stances appear to give the best yields, although starchy materials can 
also be used. The most favorable sources of nitrogen ha^•e been found 
to be ammonium sulfate and other salts of ammonia. It is highly im¬ 
portant to have a proper carbohydrate-nitrogen ratio in the culture 
medium; otherwise the rate of production of fumaric acid will be de¬ 
layed, and the yield will be reduced. Waksman found that the presence 
of 0.2 to 0.5 g. of nitrogen salt per liter of medium containing 60 to 160 g. 
of carbohydrate gave favorable results. 

The other constitutents necessary for a good basal medium include 
nutrient mineral salts [(NH 4 ) 2 S 04 , 0.2 percent; MgS 04 - 7 H 20 , 0.05 
per cent; K 2 HPO 4 , 0.05 per cent] and a neutralizing agent, such as 
calcium carbonate or a soluble hydroxide. Since an alkaline environ¬ 
ment has a depressive effect on the germination of Rhizopus spores, 
the neutralizing agent should be added to the medium after mycelial 
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growth has started. It is preferable to adjust the pH periodically at 
frequent intervals to approximately 5.0 to 6.5. 

The presence of certain catalytic or trace elements in the medium 
also markedly modifies the growth of the fungus and the production 
of fumaric acid. Specifically, zinc has a decidedly stimulating effect 
upon the mycelial growth of Rhizopus at the expense of the accumula¬ 
tion of fumaric acid, whereas iron has just the reverse effect. It Ls 
possible, though, to balance the culture medium in such a way with 
these elements as to produce, first, the optimum mycelial growth 
through the presence of zinc, ZnS 04 * 7 H 20 , 0.0001 to 0.001 per cent; 
and, second, the maximum formation of fumaric acid by the presence 
of iron, Fe 2 (S 04 ) 3 , 0.0001 to 0.002 per cent. 

The sterile nutrient solution is fermented in tanks where it can be 
converted to fumaric acid or its salt by a stationary surface growth in 
5 to 7 days at 28® to 35®C. or by a submerged growth in 24 to 48 hours, 
providing the medium is agitated and aerated. The original nutrient 
solution may also be drawn off, and a new batch of carbohydrate solu¬ 
tion added to the mass of fungal mycelium in the container. The fer¬ 
mentation of this replaced sugar by the preformed mycelium begins 
quickly at a high rate, so that considerable economy of time results. 
After several sugar replacements, though, the fermenting capacity 
of the mycelium mass gradually diminishes. 

The production of fumaric acid from glucose by mold fermentation 
may be represented by the following chemical equation: 

C6H12O6 + 3O2 C4H4O4 + 2CO2 + 4H2O 

Glucose Fumaric acid 

Actually, however, the process is more complicated than this simple 
equation indicates, and not too much is known concerning the inter¬ 
mediate steps between glucose and fumaric acid. After surveying the 
literature on this subject and carrying out personal researches as well, 
Bernhauer (1939) concluded that the formation of this acid may take 
place in conjunction with an alcoholic type of fermentation. Thus he 
believed the following course of events may occur: 

2CO2 

CeHiaOe + +20 CH3 COOH -2H CH2 COOH _2H CH COOH 

ZCHa CHjOH - > + - > I -> || 

CH3COOH CH2COOH CHCOOH 

Glucose Ethyl alcohol Acetic Succinic Fumaric 

acid acid acid 

Although data are still lacking to prove such a scheme, it is known 
that alcohol, as well as acetic acid, can be converted to succinic acid 
and fumaric acid by Rhizopus nigricans. 
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COOH 

/ \ 

HC CH 

II I 

HOC COH 


V 


OH 


Gallic acid (3:4:5-trihydroxybenzoic acid) was first prepared from 
decomposed gall nuts by Scheele about 1786, but it was not until 1867 
that Van Tieghem demonstrated that the formation of this acid was 
due to the action of molds on tannins. Besides being present in gall 
nuts gallic acid also occurs in sumac, tea, and many other plants, 
usually in the form of tannin glucosides. The acid is prepared chemi¬ 
cally by boiling tannin extracts with dilute sulfuric acid or by ferment¬ 
ing such extracts with molds; it has also been obtained synthetically 
by various reactions. 

The early literature on the fermentation process for producing gallic 
acid has been fully reviewed by Knudson (1913), and more recent 
studies on the process have been carried out by Kuo (1939), Hsieh 
(1939), Wei (1939), and Fang (1940). 

The older fermentation methods for preparing gallic acid consisted 
simply of allowing tannin-containing substances to undergo decomposi¬ 
tion in a moistened heap for about a month, after which the gallic acid 
was leached out. Newer methods, which are based on experiments 
carried out by Calmette in 1902, employ clear tannin extracts which are 
sterilized and then inoculated with a pure culture of Aspergillus niger 
or Aspergillus gallomyces. The mold inoculum is frequently prepared 
in a dry state after cultivation on a cooked rice-wheat bran medium. 
Tannin solutions of 10° to 20° Baum6 are commonly employed, and 
fermentation is complete in 10 to 20 days at 20° to 30°C. Knudson 
obtained the best yields with a limited air supply, but sometimes the 
solution is agitated by mechanical means to facilitate hydrolysis of the 
tannin. It has also been stated that the addition of yeast or other 
organisms accelerates the fermentation. Yields of gallic acid vary from 
10 to 20 g. per 100 ml. of tannin solution. 

Gallic acid has a few pharmaceutical and medicinal uses, and it is 
employed in engraving, tanning, and the manufacture of pjrrogallol; 
certain inks, and dyes. 
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KOJIC ACID FERMENTATION 

The production of kojic acid by molds was first observed by Saito in 
1907, but the constitution of the acid was not established until 1924, 
when Yabuta found it to be 2 -hydroxymethyl- 5 -hydroxy- 7 -pyrone, 

HC—CO—COH 
HOH 2 CC—O—CH 

Since 1924 numerous papers have appeared on the various aspects of 
kojic acid fermentation [see Barham and Smits (1934, 1936), Wells 
and Ward (1939), Prescott and Dunn (1940)]. The process is techni¬ 
cally unimportant at present, however, because few uses have been 
found for kojic acid and its numerous derivatives. Only a few experi¬ 
mental dyes and resins have been prepared from the acid. It is also 
known to be bacteriostatic in certain concentrations and to inhibit the 
growth of Gram-negative organisms more strongly than Gram-posi¬ 
tive ones. It is toxic for laboratory animals. 

Several molds of the genus Aspergillus {Aspergillus oryzae, Asper¬ 
gillus flavuSf Aspergillus tamarii, Aspergillus parasiticus, Aspergillus 
clavatus, and Aspergillus fumigatus), one Penicillium species {Peni- 
cillium daleae), and a few bacteria {Acetobacter species) are known to 
form kojic acid from a variety of organic substances. 

Any one of a number of carbon-containing substances can be em¬ 
ployed in this fermentation. The best yields, in general, are obtained 
by using 5 to 30 per cent concentrations of sucrose, maltose, glucose, 
sorbitol, xylose, or dihydroxyacetone, but the same concentrations of 
simpler alcohols and organic acids give little or no kojic acid [Katagiri 
and Kitahara (1933), Barham and Smits (1934, 1936)]. Ammonium 
nitrate (0.04 to 0,1 per cent) serves as an excellent source of nitrogen, 
although ammonium sulfate and other nitrogenous substances can be 
utilized by the molds. The inorganic salts which have been employed 
by most workers include KH 2 PO 4 (0.06 to 0.1 per cent), MgS 04 -71120 
(0.5 per cent), and KCl (0.01 per cent). Iron and calcium salts may 
be inhibitory to this fermentation, but zinc salts have little influence. 
The fermentation occurs in media with a reaction between pH 2.0 and 
5.0, although the optimum seems to be at 2.5 and 3.5. Incubation 
temperatures of 15° to 35°C. have been employed; the optimum is 
near 30°C. The fermentation usually required 7 to 30 days for 
completion, the period depending upon the species of mold, tempera¬ 
ture of incubation, substrate (type of compound, pH, and salts), and 
other factors. Yields of kojic acid from below 5.0 per cent to above 
50 per cent have been reported by various workers for different sub- 
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strates. It is also of interest that, when certain substances unrelated 
to the substrate are added to the medium, the yield of kojic acid is in¬ 
creased. For example, May, Ward, and Herrick (1932) found that 
ethylene chlorhydrin (0.01 to 0.015 per cent) increases production 25 to 
35 per cent over the control substrates in a 10-day fermentation period 
at 30°C. On the other hand, thiourea, thioglycollic acid, chloracetone, 
and a few other substances exert a marked inhibitory effect. 

There is little agreement on the mechanism of kojic acid formation 
by the molds. As a result several theories have been proposed to ex¬ 
plain the process [see Yabuta (1924), Birkinshaw, Charles, Lilly, and 
Raistrick (1931), Challenger, Klein, and Walker (1931), May, Moyer, 
Wells, and Herrick (1931), Kluyver and Perquin (1933), Gould (1938)]. 

Yabuta and others have suggested that the conversion of hexoses 
(glucose or fructose) to kojic acid is a simple process of direct oxidation 
combined with dehydration. 


CHOH 

HOHC^ ^CHOH 

I 


CO 

HC^ ^COH 


HOH 2 CHC CHOH HOH 2 C C CH 

0 0 

Glucopyranose Kojic acid 


+ 3H2O 


Even though quite large amounts of kojic acid are formed from 
glucose, other simpler compounds, such as xylose and dihydroxyace- 
tone, also yield this acid. Therefore the foregoing reaction does not 
fully explain the events occurring with these simpler substances, unless 
they are first converted to a hexose. 

Since traces of ethyl alcohol frequently occur in kojic acid fermenta¬ 
tion, Birkinshaw, Charles, Lilly, and Raistrick (1931) expressed the 
opinion that kojic acid may arise through condensation of acetaldehyde, 
or some other intermediate, which normally occurs in a true alcoholic 
fermentation. This opinion, however, does not agree with the experi¬ 
ments of Katagiri and Kitahara (1933) and Gould (1938). These 
workers found that no kojic acid could be detected in media containing 
hexose monophosphate, hexose diphosphate, methylglyoxal, pyruvic 
acid, lactic acid, acetic acid, or other substances which sometimes 
occur in alcoholic fermentation. The addition of aldehyde-fixing agents 
(sulfite, dimedon) failed to prevent kojic acid formation from glucose, 
and fixation compounds could not be isolated from the medium during 
fermentation. Furthermore, by using certain enzyme poisons, Gould 
concluded that the production of kojic acid from glucose probably does 
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not take place by means of the usual phosphoric esters. On the other 
hand, glycerol yields a small amount, and dihydroxyacetone quite a 
large quantity, of kojic acid. This fact suggests that some 3-carbon 
compound may be involved in the synthesis of the pyrone nucleus. In 
this connection the scheme proposed by Challenger, Klein, and Walker 
(1931) for the formation of kojic acid is of interest. They suggested 
that two molecules of dihydroxyacetone may be condensed by dehy¬ 
dration and oxidation to yield kojic acid: 

OH HCHOH 

HC^ ^COH , Jo. HC—CO—COH 

II + II II II +3H2O 

HOH 2 C C CH HOH 2 C C—0—CH 

^OH HO^ 

Dihydroxyaoetone Kojio acid 

May and his associates (1931) also expressed the view that kojic 
acid may arise from some 3-carbon intermediate precursor, such as 
l-hydroxyacetyl-3-formyl-3-hydroxyacetone (CH 2 OH • CO • CH 2 • CO * 
CHOH-CHO), by a simple dehydration and ring-closure process. 
Although the formation of pyrone compounds from appropriate polyke¬ 
tones by such a process is well known, this particular precursor has 
never been demonstrated in kojic acid fermentation. Additional re¬ 
search must therefore be done before we can say definitely how kojic 
acid is formed from various substances. 

OXALIC ACID FERMENTATION 

Oxalic acid, HOOC • COOH, was first isolated in 1769 and is one of 
the oldest known organic acids. It occurs as a salt in many plants and 
as a free acid in certain fungi. From 1886 to 1891 DeBary and Wehmer 
noted that oxalic acid was formed in quite large quantities from various 
carbohydrates by molds, such as Aspergillus niger and PenicilUum 
glaucum, and suggested that it might be manufactured on a commercial 
scale by such fungi. The fermentation process has never been em¬ 
ployed commercially, however, because oxalic acid can be obtained 
more cheaply by chemical methods. 

Cane sugar solutions (10 to 16 per cent), containing the usual nutrient 
salts and a neutralizing agent, are fermented to oxalic acid salts by 
certain strains of Aspergillus niger in about 14 days at 30® to 35®C. 
[Bemhauer (1939)]. Also, when citric acid and fumaric acid fermenta¬ 
tions are not carefully controlled (temperature below 30®C., acid re¬ 
action, etc.), oxalic acid is formed in quite large quantities. 
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The conversion of glucose to oxalic acid by molds may be represented 
by the following chemical equation [Bernhauer (1939)]: 


C6H12O6 + 4JO2 —^ 3C2H2O4 + 3H2O 

Glucose Oxalic acid 


It is believed by some investigators that glyoxalic acid is the key 
intermediate precursor of oxalic acid and that it arises from fumaric 
acid or acetic acid [Bernhauer (1939); see also Challenger, Subra- 
maniam, and Walker (1927)]: 


CHCOOH 

incooH 

Fumaric acid 


4-02 



COOH 

I 

CHs 

Acetic 

acid 



COOH 

1 

CHO 


j^COOH 

COOH 


Glyoxalic 

acid 


Oxalic 

acid 


Oxalic acid may also arise from the hydrolytic breakdown of oxalo¬ 
acetic acid [Raistrick and Clark (1919)]: 


COOH 


0=0 

COOH 

CH 3 

1 +H 20 

1 

+ 1 

CH 2 

1 

COOH 

COOH 

COOH 

Oxaloaoetio 

Oxalio acid 

Acetic acid 


acid 


Oxalic acid is produced from citric acid, presumably through acetic 
and glyoxalic acids as intermediates. Very small amounts of oxalic 
acid are formed from lactic, pyruvic, and propionic acids, but none is 
produced from butyric or formic acids. These compoimds thus appear 
to be excluded as intermediates. 


MISCELLANEOUS ACIDS FORMED BY MOLDS 

Under certain conditions when the various fungi or molds are culti¬ 
vated on simple substrates (glucose-mineral salt media), they produce 
a great variety of organic acids besides those mentioned on 990 to 1011. 
Examples of several such acids are listed in Table 20. It will be seen 
by referring to this table that these interesting compounds range from 
the simpler acids to substances containing nonbenzenoid rings {der 


















MISCELLANEOUS ACIDS FORMED BY MOLDS 1013 












1014 


, MICROBIAL FERMENTATIONS 


8 

I 




MISCELLANEOUS ACIDS FORMED BY MOLDS 


1015 


















1016 


MICROBIAL 











MISCELLANEOUS ACIZ^ FORMED BY MOLDS 


1017 




1018 


MICROBIAL FERMENTATIONS 


TABLE 21 

Miscellaneous Metabolic Products of Fungi 

[From Iwanoff and Zwetkoff (1936), Birkinshaw (1937), Lockwood and Moyer 
(1938), Raistrick (1938, 1940), and Others] 


Product 

Formula 

Produced By 

Aldehydes 

Acetaldehyde 

Anisaldehyde ^ 

(2>-methoxybenzaldehydo) 
Palitantin ‘ (unsaturated di- 
hydroxyaldehyde) 

M.P. 136®-163«C. 

CHjCHO 

CH,0C6H4CH0 

C14H22O4 

AapergiUua, MticoTf and 
Penicillium species 
Trametea auaveolena 

Penicillium palitana 

Alcohols 

Ethyl* 

Gentisyl * (2:6-dihydroxy- 
benzyl alcohol) 

M.P. 100«C. 

C2H5OH 

OH 

I^CHaOH 

Fuaarium Uni and re¬ 
lated species: certain 
AapergUlua and Peni¬ 
cillium species 
Penicillium patulum 

Glycerol 

i-Erythritol 

Mannitol 

OH 

CHaOH-CHOH-CHjOH 

HOCHa- (CH0H)2 - CHzOH 
HOCHa- (CHOH) 4* CHaOH 

Certain AapergiUua^ 
Helminthoaporiumy 
and ClcLateroaporium 
species 

1 Penicillium species 
Byaaochlamya fulva^ Aa- 
pergillua, Penicillium, 

) Helminthoaporium, 
and Claateroaporium 
species 

Esters 

Ethyl acetate 

Methyl anisate ^ 

CH,COOC,H, 

CH,0C,H4-C00-CH, 

PenidUium digilatum 
Trametea auaveolena 

Nitrogenous substances 
Alkaloids 

Choline 

Hydroxylamine 

Nitrogenous acid * 
Nitrogenous acid ‘ 
Phenylethylamine 

Urea 

Proteins, amino acids, etc. 

CicHieOaNa, CiaHaaOaN,, 
CaiHaTOaNa, etc. 

(CHa) aNOH • CH- • CHaOH 
NHaOH 

CaaHaaOaN 

C4oH7gOaN 

(CaH6)-(C,Ha)NH 

HaNCONHa 

Ergot 

Boletua elegana 

AapergUlua niger 
Penicillium griaeo-fvlvum 
Penicillium hrefeldianum 
Boletua lulevs 

AapergUlua niger 


^ Birkinshaw, Bracken, and Findlay (1944), 

‘Birkinshaw and Raistrick (1936). 

» Nord (1939), Gould and Tytell (1941), Tytell and Gould (1941). 
* Birkinshaw, Bracken, and Raistrick (1944). 

‘Oxford, Raistrick, and Simonart (1935). 
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TABLE 21 (Continued) 

Miscellaneous Metabolic Products of Fungi 

[From Iwanoff and Zwetkoff (1936), Birkinshaw (1937), Lockwood and Moyer 
(1938), Raistrick (1938, 1940), and Others] 


Product 

Formula 

Produced By 

Sulfur substances 

Thiourea 

Cyclic choline ® 

HjN-CS-NHj 

(CH,),N- CHj- CHjO • SO, 

L-o-J 

Verticillium olhiMUruni, 
Botrytia cinerea 
AapergiUua aydmoi 

Chlorine substances 

Caldariomycin ^ (2:2-dich- 
lorocyclopentano-1:3- 
diol) 

M.P. 121°C. 

Erdin » 

M P. 211®C. 

Geodin ® 

M.P. 235°C. 

Griseofulvin ® 

M.P. 218°-219®C, 

CI 2 

i 

HCOH HCOH 

1 1 

H,C-CH, 

Ci6H70e(0CHi)Cl2 

Ci6H«08(0CHs)2Cl2 

Caddariomycea {Fumago) 

AapergiUua terrene 

Aspdrgillua terrene 

PenidUiuin grieeo-fnlvum 

H,ColJ\ / 

Cl 0 

( 

CH, 

:oocH, 

Arsenic and selenium sub¬ 
stances 

Dimethyl-n-propylarsine 
Dimethyl selenide 
Trimethylarsine 

(CH,)2-As-(C,H7) 

Se-(CH ,)2 

As-(CH,), 

PenidUium brevicaule 

Miscellaneous substances 
Mellein or ochracin 

M.P. 68°C. 1 

0 

II 

OH C 

-CH-CaHs 

PenieiUium griaeo- 
fvlvum^ AapergiUua 
melleua, AapergiUua 
ochracene 


• Woolley and Peterson (1937). 

^ Clutterbuck, Mukhopadhyay, Oxford, and Raistrick (1940). 
® Calam, Clutterbuck, Oxford, and Raistrick (1939). 

• Oxford, Raistrick, and Simonart (1939). 

Thom and Raper (1932), Challenger and Rawlings (1936). 












1020 


MICROBIAL FERMENTATIONS 


TABLE 21 (Continued) 

MiscBLLAjraoTia Mbtabquo Products of Fungi 


[From Iwanoff and Zwetkofif (1936), Birkinshaw (1937), Lockwood and Moyer 
(1938), Raistrick (1938, 1940), and Others] 



Nisikawa (1940). 

“ Clutterbuok, Raistrick, and Reuter (1937). 


rivatives of furane, tetronic acid, etc.) and benzenoid nuclei (deriva¬ 
tives of benzene, anthraquinone, etc.). Although several of these 
acids are synthesized in quite large quantities by certain fungi, little 
is known about the reasons for their elaboration. 

For additional information on these miscellaneous acids the reports 
cited in Table 20, the collection of papers by Professor Raistrick and 
his associates (1931), and the extensive reviews by Iwanoff and Zwet- 
koff (1936), Clutterbuck (1936), Birkinshaw (1937), Lockwood and 
Moyer (1938), Raistrick (1938, 1940), and Tatum (1944) should be 
consulted. 

MISCELLANEOUS METABOLIC PRODUCTS FORMED BY MOLDS 

Quite a number of fungus-metabolic products other than acids are 
known chemically. These include various aldehydes, alcohols (for 
example, ethyl, glycerol, and mannitol), pigments, lipides and sterols, 
vitamins, chlorine- and arsenic-containing compounds, polysaccharides, 
and nitrogenous substances. Since certain of these substances, such as 
pigments, polysaccharides, and lipides, have been mentioned in Chap¬ 
ter 5, only a few additional compounds are listed here (see Table 21). 

Most of the substances in Table 21 are of only academic interest, 
but they serve to show the diverse synthesizing powers of the molds. 
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Absidia repenSj 721 

Acetic acid bacteria (Acetobacter), 331, 
383, 643, 603, 674, 706, 720, 799, 
814, 973, 977, 979, 981-984, 986, 
988, 1008 
Acetobacter 

aceti, 360, 383, 407, 674, 706, 864, 977, 
979, 999 
ascendenSf 973 
melanogenunif 977, 981 
pasteiirianum, 383, 553 
rancenSy 383, 865, 977 
siiboxydanSy 706, 736, 737, 743, 766, 
772, 810, 812, 981-983, 985, 986 
xylinoideSy 864, 865, 871, 981 
xylinuMy 360, 362, 364, 383, 553, 821, 
973, 977, 979-982, 986 
Achromobacter, 820 
conniiy 489 
fischeriy 158, 162, 557 
harveyiy 683 
lipolytic am y 489 

mobile, 673; see also Pseudomonas 
lindneri 

phosphoricum, 726 
punctatamy 489 
Acontium, 270 
velatum, 262 

Actinomyces, 659, 858, 859 
albas, 336 
antibioticuSy 336 
griseus, 337 
lavendulae, 337 
violaceuSy 336 
viridochromogenuSy 888 
AerobacilluSy 511, 970; see also Bacillvs 
macerans and Bacillus polymyxa 
Aerobacter, 677, 678, 812, 824, 844, 947, 
949, 950, 952, 953 

aerogeneSy 85, 129, 131, 135, 175, 199, 
388, 399, 404, 463, 466, 490, 492, 
515, 534, 544, 566, 572, 585, 592, 
593, 624, 677, 678, 758, 802-808, 
810-812, 814, 816, 824, 840, 841, 
843, 846-848, 866, 870, 949, 952, 
953, 971 

cloacae, 515, 534, 889, 950 


Aerobacter (Continued) 
feniy 811, 815 

indologenesy 578, 624, 811, 812, 950 
levanicum, 591 
pectinovorurn, 952 

Aeromonas hydrophila, 952; see also 
Proteus hydrophilus 
Alcaligenes 

fecalisy 85, 463, 492, 593, 671, 672, 
824, 988, 989 
viscosusy 585, 671, 672 
Algae, 384, 720, 751, 835-837, 844, 885 
Altemaria, 990 
Amanita muscaria, 435 
Amebae, 277, 278 
Anahena, 628, 831 

Anthrax bacillus, 146, 148, 232, 233, 
242, 298; see also Bacillus anthracis 
Aphanizomenon flos-aquae, 438 
Ascomycetes, 990 
Ashbya gossypii, 740, 771 
Aspergillus, 493, 512, 513, 623, 626, 751, 
845, 990, 999, 1005, 1015, 1018 
aereo, 413 
carbonarius, 413 
dnnamomeus, 413 
citrosporus, 413 

clavatusy 336, 338, 413, 493,1008,1014 
fischeriy 407, 413 
flavipes, 413 

Jlavus, 336, 338, 407, 811, 1008, 1012 
fumaricuSy 999 

fumigatuSy 336, 339, 413, 434, 493, 
624, 1008, 1014 
fuscus, 413 
gallomyceSy 1007 

glaucusy 361, 363, 407, 430, 433, 435, 
516, 1014 
insuetuSy 413 
itaconicuSy 998 
lulea, 413 
melleuSy 413, 1019 
mintUuSy 413 
nidulans, 412, 413 

niger, 56, 164, 289, 376, 384, 407, 413, 
430, 439, 440, 463, 489, 493, 512, 
513, 515, 516, 531, 603, 622, 624, 
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62 ^- 628 , 721 , 741 , 753 , 810 , 811 , 
813 , 815 , 817 , 837 , 992 , 995 - 997 , 
999 , 1002 - 1005 , 1007 , 1010 , 1012 - 
1014 , 1017 , 1018 
ochraceus^ 413 , 1019 
(yryzae, 407 , 413 , 463 , 492 , 508 - 510 , 
612 , 513 , 515 , 531 , 604 , 605 , 811 , 
861 , 864 , 904 , 1008 , 1013 , 1014 
parasiticusy 521 , 1008 
rubery 433 
schiemanni, 413 

sydomy 368 , 376 , 386 , 407 , 413 , 419 , 
1019 

tamariiy 811 , 813 , 1008 
terreusy 998 , 999 , 1017 , 1019 , 1020 
terricolay 492 

Athiorhodaceae (Rhodobacterioideae)y 638 

Azotobactery 112 , 128 , 162 , 536 , 593 , 622 - 
625 , 628 , 645 , 662 - 665 , 831-833 
agiky 85 , 360 , 362 , 378 , 625 , 626 , 663 
beijerinckiiy 360 , 663 
chroococcum, 85 , 129 , 358 - 360 , 362 , 
364 , 370 , 378 , 393 , 416 , 425 , 429 , 
439 , 440 , 553 , 626 , 663 , 664 
indicum, 261 

vtnelcLtuiitf 360 , 553 , 663 , 832 , 837 , 
874 

BadUuSy 10 , 674 , 680 , 681 , 818 , 820 
acetoelhylicumy 810 , 811 , 813 , 815 , 970 ; 

see also Bacillus macerans 
adherenSy 439 , 440 
alveiy 179 

anthraciSy 148 , 149 , 155 , 161 , 167 , 175 , 
190 , 194 , 196 , 199 , 255 , 256 , 274 , 

278 , 282 , 291 , 299 , 301 , 357 , 360 , 

362 , 373 , 393 , 399 , 408 , 489 , 510 , 

553 , 583 , 681 , 682 , 751 , 764 
anthracoideSy 518 

aslerosporuSy 179 , 585 ; see also Bacillus 
polymyxa 

brassicaey 727 ; see also Lactobacillus 
plantarum 

breuiSy 336 , 337 , 339 , 341 , 740 
caliduSy 179 
ceUare^solvens, 821 
cereusy 129 , 180 , 365 , 758 , 888 
chitinobacteTy 839 
chitiaovoruSy 839 
chlororaphis, 425 
coherensy 365 
cylindricuSy 179 
dextrolacticuSy 813 , 937-939 
eUenbachensiSy 440 
grantdobacteTy 960 
Jcrzemieniewskiy 389 


Bacillus {Continued) 
laviniformanSy 385 
liodermoSy 385 

maceranSy 56 , 365 , 510 , 820 , 955 , 970 , 
971 

megalheriumy 116 , 128 , 129 , 154 , 179 , 
180 , 186 , 200 , 205 , 288 , 299 , 357 , 

360 , 362 , 383 , 385 , 510 , 513 , 523 , 

524 , 528 , 593 , 862 

mesentericuSy 162 , 166 - 169 , 205 , 288 , 
383 , 386 , 393 , 399 , 440 , 513 , 553 
mesentericus-fuscusy 180 
metienSy 228 , 242 , 269 , 281 , 283 , 284 
mycoideSy 129 , 179 , 180 , 186 , 202 , 205 , 
332 , 355 , 357 , 360 , 362 , 407 , 439 , 

440 , 491 , 515 , 521 , 527 , 553 , 645 , 

680 , 681 , 758 , 802 - 808 , 840 , 841 , 
843 , 846 , 847 , 858 
mycoides-ruber, 440 
nigery 270 , 429 
pasteurii, 531 
pierantonii, 585 

polymyxaj 56 , 388 , 591 , 802 - 808 , 811 , 
813 , 820 , 840 , 841 , 843 , 846 , 847 , 
952 , 970 , 971 
prausnitziiy 180 
robustuSy 179 
simplex, 179 , 180 
sinicus, 518 
sphericus, 179 
stutzeri, 489 

subtilis, 18 , 34 , 38 , 129 , 154 , 163 , 164 , 
179 , 180 , 186 , 196 , 200 , 205 , 216 , 

228 , 239 , 242 , 248 , 256 , 259 , 270 , 

275 , 288 , 299 , 304 , 305 , 337 , 357 , 

360 , 362 , 365 , 375 , 385 , 386 , 407 , 

439 , 440 , 462 , 463 , 484 , 491 - 493 , 
510 , 517 , 524 , 528 - 531 , 539 , 553 , 
583 , 591 , 593 , 604 , 622 , 674 , 721 , 

758 , 815 , 842 , 844 , 861 , 862 , 864 , 

865 , 869 , 870 , 878 , 879 , 889 
sulla-sepius, 585 
technicuSy 967 , 969 
teres, 179 

thermocellolyticus, 821 
thennophilus, 129 
tostusy 179 
tumescenSy 179 , 180 
violariue-<icetonicuSy 970 
vulgatusy 180 , 385 , 440 , 528 , 802 - 808 , 
840 , 841 , 843 , 846 , 847 
Bacteriophage, see Viruses 
Bacterium, 429 , 489 
aliphaticumy 660 , 661 , 816 
aliphaticum-liquefaciens, 660 , 661 
aminophilis^ntestinalis, 868 
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Bacterium {Continued) 
asiaticus’mobilis, 952 
atheraUmeif 388 

cadaverut 463, 481, 486, 589, 870 
caryocyaneus, 429 
chitinophaguMf 839 
chitinophilumf 839 
cocovenenanSf 427, 429 
coli-mviahile^ 599 
cyanogenes, 10 
halohiumj 428 

herhicola, 802-808, 840, 841, 843, 846, 
847 

lactis~acidi, 439, 727 
lacHa-aerogeneSi 440 
prodigiosum, see Serraiia marcescens 
radiobactevy 85, 670, 671 
rhamnosifermmtanSf 810, 973 
saccharif 388 
ihiocyanoxidanSf 654, 838 
Bacieraides halosmophiluSy 85 
Bactoderma, 642 

Bartonella bacilliformiSf 716, 718, 719 
Basidiomycetes, 990 
Beer coccus, 379 
Beggiaioa, 271, 642, 647 
alba, 647, 648 

Betaeoccus arobinosaceiis, 600; see also 
Leuconostoc mesenteroides 
Blastomyces dermaiitidis, 407, 417, 419 
Boletus, 990 
eduUs, 861, 865 
elegans, 1018 
luridus, 431 
luieus, 1018 
scdanas, 431 
Botrytis, 990 
cinerea, 1019 
Brefeldia maxima, 43 
Brucella, 56, 64, 193, 372, 375, 586, 704, 
720, 729, 736, 737, 740 
abortus, 108, 239, 259, 327, 360, 362, 
402, 407, 419, 490, 559, 560, 586, 
633, 743, 797, 864 

melUensis, 85, 327, 360, 362, 379, 490, 
586 

auis, 327, 360, 362, 586 
BY bacillus, 956 
Byaaochlamya, 990 
fulva, 1012, 1018 

Caldariomycea {Fumago), 990, 1019 
Carboxydomonaa, 797 
oligocarbophila, 642, 659 
Caaeicoecua, 463 
CeUulomonaat 429 


Cellvibrio, 822 
ochracea, 821 

CeratoatomeUa piceaperda, 743 
Chaetomium cochliodes, 342 
Chlamydobacteriales, 655 
Chlorella, 622, 626, 628, 836, 839, 844, 
845, 885 

vulgaris, 336, 623 

Cholera vibrios, 359, 373; see also Vibrio 
comma 

Chromatioideae {ThiorhodcLceae), 637 
Chromohacterium 
iodinum, 337, 339, 425, 428 
violaceum, 131, 427, 429 
CircineUa, 990, 1005 
Citrobaeter, 678, 949 
Citromycea, 512, 992 
gkber, 432, 438, 992 
pfefferianua, 432, 992 
Cladoaporium, 990 
Claateroaporium, 990, 1015, 1018 
Clonothrix, 642, 655 
fusca, 655 

Clostridium, 521, 603, 632, 633, 664, 674, 
680, 682, 709, 740, 818, 864 
aeetobtUylicum, 461, 463, 481, 492, 
493, 511, 573, 589, 622, 710, 712, 
740, 743-746, 763, 772, 776, 801, 
810, 811, 861, 950-965, 967, 973 
acetonegenum, 960 

acidi-arid, 532, 534, 565, 634, 682, 848 
aerofetidum, 863, 866 
bifermentana, 871 

botulinum, 56, 85, 129, 184-186, 194, 
489, 513, 521, 524, 553, 713, 813, 
859, 873 

hutylicum, 524, 596, 712, 740, 743, 
771, 813, 967, 968, 969 
butyri, 489 
butyricum, 129, 954 
carnqfetidis, 858 
celerifactor, 960, 964 
ceUulolyticum, 821 
ceUulosaodissolvena, 821 
cellulosolvens, 821 
chauvoei, 559, 583 
cresologenes, 866 
cylindroaporum, 532, 848 
ethylicum, 972 
faUax, 871 
felsineum, 714, 743 
histolyticum, 85, 521, 524, 553, 862 
inverUhCLcetob'uiylicum, 960 
Untopuireacena, 85, 8^, 850, 862, 863, 
865 

novyi, 559 
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Clostridium (Continued) 
parabolvlinumj 521, 523, 524 
pasteurianumf 664, 665, 709, 831, 
832 

pectinovorumy 819 

perfringensy 85, 190, 461, 489, 491, 
511-514, 517, 521, 524, 553, 583, 
712, 713, 726, 729, 737, 751, 813, 
855, 861, 863, 871, 874; see also 
Clostridium welchii 
pseudotetaniy 867 
puirificumy 521, 553 
saccharo-aceiobutylicumy 960, 964 
saxxharO’hulyl~acetonicumd,iqv£facienSy 

960 

saccharohutyricusy 714, 953, 954 
septicumy 559, 583, 714, 720, 729, 740, 
813, 873 

sporogenesy 85, 365, 462, 521, 524, 553, 
583, 593, 709, 710, 713, 740, 766, 
813, 858-863, 865, 869, 871-873 

tertiumy 862 

ietaniy 56, 85, 148, 187, 200, 517, 553, 
583, 713, 714, 720, 726, 729, 737, 
751, 754, 760, 761, 813, 867, 872 
tetanomorphumy 860, 863, 864, 869, 
870, 872 

ihermoaceticuMy 813 
thermocellolyticusy 821 
thermocellumy 821 

(hermosaccharolyticumy 714, 720, 737, 
813 

welchiiy 129, 836; see also Clostridium 
perfringens 

Colon bacillus, see Escherichia coli 
Colpodium striatumy 737 
Corynehacterium, 682, 683, 989 
creatinovorans, 845 
cremoideSy 585 

diphtheriacy 56, 85, 129, 154, 155, 161, 
200, 255, 256, 282, 333, 357, 360, 

370, 371, 375, 376, 378, 384, 407, 

408, 410, 416, 473, 513, 539, 583, 

624, 629, 689-692, 729, 731, 736, 

737, 740, 741, 750, 753, 760, 766, 

806, 813, 818, 839, 863 
fascianSy 683 
hoffmanniiy 583, 818 
pseudodiphtheriaey 531 
ureafcudmSy 845 
xerosisy 357, 360, 362, 818 
CrenothriXy 642, 655 
polysporay 655 
Cryptococcus hominiSy 308 
Cunninghamellay 1005 
Cytophagay 822 


Dematiaceaey 262 

Diphtheria bacillus, 62, 148, 184, 193, 
370, 375, 410, 622, 623, 690, 691, 
753, 803; see also Corynehacterium 
dipMheriae 

Diplococcus pneumoniaCy 85, 129, 275, 
282, 329, 358, 361, 363, 402, 403, 
513, 726, 748, 751, 776 
Dothiorellay 625 

Dysentery bacilli, 63,134, 623, 684, 703, 
731, 769; see also Shigella species 

Eberthellay 128, 683, 871, 947 
typhosay 85, 129, 130, 132, 155, 161, 
166, 175, 194, 200, 226, 233, 237- 
239, 242, 244-247, 255, 259, 261, 
262, 270, 276, 280, 282, 289, 292- 

297, 299-303, 308, 331, 357, 360, 

362, 366, 400, 401, 404, 441, 463, 

492, 513, 516, 524, 531, 544, 684- 

686, 702, 758, 759, 766, 812, 824, 

839, 859, 861, 863, 868, 872, 949 
Endameba hisiolyticay 280, 283 
EndomyceSy 990 
vernalisy 419 
Endorinay 271 
Enterococci, 511, 695 
Ergot, 1018 
Erivinia, 429 
amylovora, 129, 675 
aroideae, 85 
carotovora, 85, 129 

Erysipelothrix rhusiopathiae, 716, 726 
Erythrobacillus prodigiosus, 758; see also 
Serratia marcescens 
Escherichixty 677, 678, 844, 973 
coliy 14, 15, 18, 38, 39, 56, 63, 64, 85, 
107, 108, 112-114, 116-120, 129- 
132, 135, 149, 153-155, 161, 162, 
164, 166-169, 172, 175, 185, 194, 
195, 198, 200, 203, 206, 217, 228, 
233-235, 239, 241, 242, 248, 251- 
257, 259, 261-264, 266, 267, 275, 
276, 278, 280, 282, 288-290, 299, 
300, 308, 311, 327, 328, 330, 355, 

357, 359, 360, 362-364, 367, 372, 

375, 379, 399, 407, 408, 416, 439, 

440, 463, 472, 475, 480, 484, 489, 

510, 513-517, 523, 524, 528, 531, 

533-536, 544, 547, 553, 559-563, 

566, 569, 571, 572, 575, 583, 585, 

586, 593, 595, 599, 618, 623, 624, 

634, 677, 678, 721, 731, 741, 742, 

744, 758, 759, 776, 797, 802-808, 

810, 812, 814, 816, 824, 836, 840, 
841, 843, 844, 846-848, 852, 853, 
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865, 858, 869, 862, 863, 866-874, 
879, 889, 947-949, 951 
coli--acidilaciicij 593 
coU-communior, 513, 593 
coli-mutabile, 463, 514 
communior, 407 
phenologenes, 866, 867 
Euglena gracilis, 618 

FB bacillus, 956 
Flavobacterium, 429, 592 
vitarumen, 440 
Fumago, 990, 1019 
Fungi imperfecti, 990 
Fusarium, 463, 476, 990, 999 
avenaceurn, 740 
culmorum, 430, 436, 438 
Uni, 816, 859, 1018 

Gaffkya tetragena, 299, 510 
Gallionella ferruginea, 655-657 
Gastrocorcus, 463; see also Streptococcus 
fecalis 

Gliocladium fimbriatum, 336, 338 
Gonococcus, 184, 272, 311, 372, 475, 
553, 570, 583, 586; see also Neisseria 
gonorrhoeas 
Graphium ulmi, 733 
Green sulfur bacteria, 637, 640, 641 

Helminthosporium, 438, 990, 1018 
catenarium, 431 
cynodontis, 433 
euchlenae, 433 
gramineum, 431, 434 
ravenelii, 436, 438 
tritici-vulgaris, 431, 437 
turdcum, 436 
velutinum, 431 

Heynaiococcus pluvialis, 438, 751 
Hemophilus, 700, 718, 719, 728, 731, 732 
canis, 718 
conjunctivitidis, 718 
ducreyi, 718 

influenzae, 583, 700, 701, 717, 718, 
731, 732, 769 

parainfluenzae, 473, 700, 718, 729, 
731, 732, 769, 852, 863, 864 
pertussis, 700, 701, 718, 729 
suis, 718 

Hydrogenomonas, 592 
pantotropha, 642, 658 
pycnotica, 658 

Influenza bacillus, see Hemophilus in¬ 
fluenzae 


Influenza virus, see Viruses 
Iron bacteria, 642, 665-657 

Johne’s bacillus, see Mycobacterium 
paratvberculosis 

Klebsiella pneumoniae, 357, 358, 360, 
362, 388, 399, 404, 408, 439, 610, 
616, 624, 677, 678, 814, 824, 870 
Koch-Weeks bacillus, 718 
Kurthia zopfii, 585 

Lactarius deliciosus, 434, 437-439 
Lactic acid bacteria, 616, 683, 703, 706- 
708, 720, 729, 733, 736-738, 740, 
743, 752, 762, 763, 766, 776, 815, 
923, 936, 939, 941, 961, 967, 977; 
see also Lactobacillus, Leuconostoc, 
and Streptococcus species 
Lactobacillus, 18, 56, 333, 511, 706, 720, 
726, 737, 740 

acidophilus, 56, 85, 108, 129, 205, 251, 
409, 544, 653, 583, 872 
arednnosus, 707, 727, 730, 734, 741, 
752, 755, 769, 771, 772, 774, 810 
bifidus, 86 

brevis, 644, 937, 940, 941 
buchneri, 644, 937, 940 
bulgaricus, 129, 205, 251, 439, 514, 
937—939 

casd, 290, 626, 707, 727, 734, 741, 
762, 764, 755, 761-763, 769-771, 
774, 815 

caucasicus, 544, 937 
deWruckii, 124-126, 174, 475, 644, 
553, 586, 587, 603, 707, 727, 761, 
774, 934, 937-939 
fermentum, 724, 768 
gayonii, 727 
hdveticus, 466, 644 
leichmannii, 812 
lycopersici, 812-814, 937, 941 
mannitopoeus, 727, 813, 937 
pentoaceticus, 727, 937 
pentosus, 727, 762, 755, 811 
plantarum, 5^, 727, 7M, 770 
Leishmania 
donovani, 539 
tropica, 639 
Leptospira 

canicola, 720, 726, 729 
icterohemorrhagiae, 729 
Leptothrix, 642, 655, 656 
ochracea, 655, 656 
Leuconostoc, 720, 726, 737 
dextranicum, 385^ 812, 814, 940, 941 
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Leucanoatoc {Coniinued) 
meaerUeroideBf 386, 406, 406, 462, 616, 
623-626, 690, 691, 600, 601, 727, 
766, 768-771, 774, 816, 937 
vermiforme, 815 
LeucophyteSf 722, 723 
Lichens, 384 

ListereUa numocytogeTies, 716, 726 

MaUeomycea mallei^ 116, 367, 368, 360, 
362, 407, 408, 410, 416, 639 
Meningococci, 149, 156, 196, 266, 311, 
372,613, 663, 683; aee alao Neiaaeria 
intraceUularia 

Me^noba^cterium omelianakiif 634 
Methanomonaa methanicaf 634, 642, 660, 
661 

Micrococcua, 429, 489, 611 
agiliaf 439 
auraniicLcuaj 686 
direua^ 480 
cyUyphagua, 821 
flavua, 585 I 
freudenreichiif 686 
lyaodeikticuat 475, 688, 602, 634 
phoaphoreua, 592 
piUonenaia, 842 
aplendidua, 586 
aulfureua^ 176, 686 
tetragenuBj 429 
Microapiraf 652 
Microaporon lanoaum, 308 
Molds, 34, 85, 86, 198, 199, 270, 290, 
357-359, 361, 366, 380, 382-886, 
412-414, 438, 481, 489, 491, 610, 
611, 513, 514, 618, 548, 573, 623, 

624, 627, 634, 720, 722, 723, 726, 

733, 736, 737, 741, 761, 767, 769, 

760, 798, 799, 814, 816-820, 831, 

836, 837, 897, 898, 936, 992, 1020; 
aee alao genera AapergiUua, Rhi- 
zopuBf and Penicillium 
MoTiaacua purpureua, 434, 439 
Manilla, 181, 861, 866, 866, 990, 999 
alMcana, 246, 289, 308, 407, 417, 419, 
741, 758 

Candida, 440, 613, 758 
formoaa, 1013 

Mucar, 440, 613, 721, 768, 846, 861, 
990, 999, 1006, 1016, 1017, 1018 
altemana, 612 
hiemalia, 431 
racemoaua, 644 
atolonifer, 361, 363, 407 
Mycohaderium, 107, 408, 410, 419, 666, 
687 


Mycobacterium (Continued) 
avium, 362, 407 
gloherulum, 842 

lacticola, 362, 364, 376, 378, 384 
leprae, 407, 415, 492, 688, 720 
moell^, 439; aee alao Mycobacterium 
phlei 

paratuberculoaia, 688, 689, 769 
phhi, 259, 371, 372, 407, 411, 415, 
428, 530, 689, 799, 801^-808, 840, 
841, 843, 846, 847, 862 
paeudotuberculoaia, 531 
rubiacearum, 666, 669, 831 
amegmatia, 247, 407, 439 
tuberculoaia, 85, 166, 193, 245, 246, 
284, 290, 333, 357, 358, 360, 362, 

364, 368, 370, 375, 378, 384, 398, 

404, 407, 411, 416, 426, 492, 639, 

553, 559, 622, 624, 687, 688, 720, 

725, 758, 859, 872 
Mycoderma, 865, 975 

Neiaaeria, 493, 716 
caianhalia, 248, 363 
gonorrhoeae, 85, 276, 403, 404, 586, 
714, 716, 752, 761, 812 
intraceUularia, 85, 195, 403, 404, 714, 
766 

Neuroapora, 744, 756 
craaaa, 743, 877 
aitophila, 770 

Nitrifying bacteria, 642-646 
Niirobacter, 85, 107, 642-646, 836 
Nitroaococcua, 642, 835 
nitroaua, 643 
Nitrosocystis, 642 
Nitroaogloea, 642 

Nitroaomonaa, 85, 622, 642-646, 836 
Nitroaoapira, 642 
Noguchia granuLoaia, 85 
Noatoc, 628, 831 
muacorum, 623 

Oidium lactia, 440, 489, 610, 514, 869, 
864, 866, 867, 870, 871 
Odapora 

auraniia, 430, 435, 439 
laclia, 289, 407, 411, 412 
avlfureorochracea, 1020 

Pandorina, 271 
Paateurella, 729 
avicida, 669, 660, 706, 737 
boviaeptica, 706, 737 
peatia, 86, 292, 706, 706, 719, 720, 729, 
812 

tularenaia, 706, 729, 737 
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PaxiUua atromentosiia, 430, 438 
Pecilomycea varioti^ 412, 413 
Pectinohacter amyhphilum, 819 
Penictlliopsia cUwanaeformiSy 435 
Penicillium, 181, 270, 337, 439, 612, 
623, 627, 768, 845, 990, 992, 999, 
1005, 1008, 1018 
aurantuhhrunneuniy 413 
aurantifHnrens, 1016, 1017 
bailawiezensef 414 
brefeldianuniy 433, 1018 
brevicaulej 1019 
brevircomptidumy 1013, 1016 
camembertii, 384, 612, 513 
carminoviolaceumy 417, 431 
charleaiiy 389, 1012, 1015 
chrysogenum, 413, 432, 999 
citrinuniy 414, 432 
claviforme, 336 
cyaneo-fulvum, 413 
cyaneum, 413 
cyclopium, 433, 1013, 1016 
daleae, 1008 
digitaturriy 1018 
flavodnerium, 414 
flexuosunty 433, 1015 
glaucum, 361, 363, 375, 407, 466, 489, 
513, 515, 516, 531, 1010, 1013, 
1014 

granulatum, 56 

griseo-f ulvuMj 433, 1013, 1015, 1018, 
1019 

hirsvium, 414 
javanicuniy 407, 412, 414 
liUeum, 1015 
minio-luteum, 1015 
notatum, 337, 340, 432 
oxalicum, 414 
palitanSj 1018 
paivlum, 337, 340, 1018 
pheiceum, 435, 438 
piscarum, 414 
puberuLum, 1016 

purpurogenum^rvbrisclerotium, 999 
roquefortii, 407, 414 
sclerotiorum, 436 
8oppi, 414 

BpiculispoTum, 1015, 1017 
spinulosum, 437 
stipitatum, 1017 
terreatre, 1017 
trzebinaki, 999 
varians, 389 
viniferum, 1013 
Peziza aeruginosa, 437 
Phaeomonas, 423 


Photdbacterium 
fischeri, 686, 683, 812 
harveyi, 585, 683 
phosphareum, 657, 685, 683, 812 
Phycomyces, 721-723, 766, 757 
blakesleeanus, 431, 626, 768 
Phycornyceies, 990 
Physarum polycephalum, 16 
Phytomonas, 129, 573, 671, 682 
campestris, 86, 129, 682 
solanacearum, 85 
stewartii, 812 

tumefadens, 86, 362, 376, 399, 407, 
416, 419, 524, 624, 626, 627, 683, 
720 

Pityrosporum ovale, 760 
Pneumococci, 66, 62, 105, 110, 114, 120, 
133, 200, 203, 206, 300, 303-306, 
311, 313, 332, 372, 373, 380-396, 
397, 489, 490, 609, 511, 612, 663, 
583, 693, 697, 698, 729, 736, 737, 
740, 744, 750, 812, 818, 819, 874; 
see also Diplococcus pneumoniae 
PolypoTus 
abieiinus, 823 
ridvlans, 436 

Propionibacterium, 706, 708, 726, 729, 
737, 740, 812, 942 
arabinoaum, 942, 943, 946 
freudenrdchii, 942 
jensenii, 463, 492, 942 
pentosaceum, 810, 811, 869, 942, 943 
peterssonii, 942, 943 
shermanii, 942, 943 
technicum, 942, 943 

Propionic acid bacteria, 474, 706, 708, 
720, 726, 736, 737, 798, 942, 946; 
see also Propionibacterium 
Proteus, 357, 360. 362, 473, 630, 631, 
683, 683, 684, 702, 729-731, 769, 
863, 873 

hydrophilua, 812, 952 
morganii, 616, 687, 701, 702, 729, 
736-738, 766, 771, 869, 870 
vulgaris, 85, 129, 194, 200, 288, 367, 
360, 362, 372, 408, 441, 463, 484, 
491, 613, 616, 617, 621, 624, 631, 
653, 666, 686, 692, 602, 686, 701, 
702, 729, 730, 768, 776, 802-808, 
815, 840-844, 846, 847, 85S-867, 
869-871, 873, 874, 887, 889 
X19, 166, 701, 729 

Protozoa, 60, 160, 277, 333, 720, 722, 
723, 726, 737, 761, 767, 760, 798 
PseudornoncLs, 128, 489, 673, 603, 820^ 
984 
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Pseudomonas {Continued) 


aeruginosay 

85, 

129, 

135, 

154, 

166, 

199, 

259, 

262, 

263, 

270, 

282, 

299, 

300, 

337, 

357, 

360, 

362, 

372, 

408, 

409, 

423, 

426, 

441, 

463, 

480, 

489, 

490, 

492, 

510, 

516, 

521, 

524, 

530, 

531, 

534, 

553, 

559, 

560, 

566, 

570, 

583, 

585, 

593, 

622-624, 

660, 

672, 

673, 

721, 

758, 

812, 

838, 

839, 

844, 

858-863,1 

865-867, 869, 872, 873 

fluorescensy 

129, 

175, 

181, 

375, 

429, 

463, 

489, 

513, 

520, 

524, 

530, 

622, 

802-808, 

814, 

840, 

841, 

843, 

846, 

847, 

858, 

859, 

862, 

863, 

865, 

867, 

869, 

984 







fragi, 489 
tndigoferaj 429 
indoloxidanSj 842 
lindneri, 597, 673, 812, 972 
mucidolenSf 489, 812 
tnyxogeneSy 489 
nordiquefacienSi 508 
ovaliSf 573 
perluridaf 821 
puiida^ 630 

pyocyanea, 423; see also Pseudomonas 
aeruginosa 
riboflavinus, 726 
saccharophilaj 406, 591, 818 
Purple nonsulfur bacteria, 637-641 
Purple sulfur bacteria, 637-641 

Rhizobium^ 56, 128, 393, 485, 556, 593, 
622, 628, 662, 665, 666, 670, 671, 
740, 831-833 
japonicum, 85, 129, 668 
leguminosaruMf 85, 129, 388, 439, 
440, 668, 863 
meliloti, 129, 628 

fyifolii, 129, 667, 668, 720, 741, 771, 
832 

Rhizopus, 363, 511, 721, 845, 861, 990, 
1005, 1006, 1015 
japonicus, 492 

nigricanSy 440, 627, 1005, 1006 
oryzae, 512 
RhodobacilluSf 424 
pcdustris, 423 

Rhodobacterioideae {Athiorhodaceae), 638 
RhodospirUlum rubrunij 641, 740 
RhodotoruUiy 721 
sannieiy 439 

Rhodovibrioy 423, 424, 427 

Saccharomyces, 813, 866 
carlsbergensisy 601, 770 


Saccharomyces (Continued) 

cereinsiaey 56, 176, 199, 200, 366, 376, 
463, 601, 720, 810, 811, 816, 817, 
906, 907, 930 

ellipsoideusj 197, 331, 601, 907, 930, 
976 

fragilisy 512, 514 
sakCy 815 

Salmonella, 56, 57, 128, 683, 684, 702, 
812, 871, 947, 949 
choleraesuis, 362, 559, 560 
enteritidisy 85 

gallinarumy 113, 114, 117, 702, 720, 
729 

hirschfeldiiy 516 

paratyphi, 85, 233, 234, 236, 239, 
242, 362, 366, 400, 516, 553, 729, 
871 

puHorum, 113, 114, 117, 161, 553, 702 
schottmuelleriy 85, 135, 362, 366, 400, 
516, 871 

typhimurium, 161, 162, 164, 357, 360, 
372, 374, 400, 401, 407 
Sardna, 429, 530, 583 
aurantiaca, 360, 363, 428, 553 
flava, 720, 726, 751 
lutea, 112, 162, 428, 429, 553, 680, 
758, 802-808, 812, 840, 841, 843, 
846, 847 
maxima, 812 
ureae, 531 
ventriculi, 812, 972 
Schizosaccharomyces, 844 
mellacei, 906 
pombe, 601, 818, 907 
santawensis, 531 
verdermani, 907 
Serratia, 489, 676 
indica, 812 

marcescenSy 85, 131, 149, 154, 155, 
159, 161, 162, 165, 199, 213, 239, 

269, 277, 278, 299, 357, 360, 362, 

408, 423, 426, 439, 440, 480, 492, 

518, 524, 530, 531, 553, 583, 585, 

593, 622, 624, 675, 676, 742, 751, 

758, 802-808, 811, 812, 840-844, 
846, 847, 862, 863, 869 
Shigellay 341, 596, 702, 703,812, 871, 947 
dispary 534, 594 

dysenteriaCy 85, 129, 329, 357, 360, 
362, 401, 404, 408, 473, 516, 553, 
583, 702, 729, 730, 824, 871, 949 
gallinarumy 96, 135 
paradysenteriaCy 85, 155, 247 
paradysenteriae Flexner, 407, 703, 740 
paradysenteriae Sonne, 769, 815, 949 
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Sorbose bacterium, see Acetohacter xy- 
linum 

SpherotiliSf 642, 655 
nanlanSj 655 
Sjnrillumy 652, 676 
rvhrum, 423, 427 

tenuey 802-808, 840, 841, 843, 846, 847 
virginianuniy 676 
Spirocheta cytophagay 821 
Spirochetes, 60, 277, 278, 716 
Spirogyra, 626, 628, 845 
Spirophyllum, 656 

Staphylococcus (staphylococci), 63, 112, 
128, 149, 175, 200, 242, 256, 263, 

299, 310, 333, 366, 475, 510, 698, 

fiOQ 703 744 312 

alhuSyUy 155, 300, 363, 407, 530, 553, 
700, 720, 729, *733, 758, 802-808, 
812, 815, 840, 841, 843, 846, 847 
aureusy 18, 112, 119, 129, 132, 153- 
155, 161, 162, 164, 166, 167, 194, 
196, 198, 226, 228, 234, 237-239, 
245-248, 259, 262, 263, 270, 274- 
276, 278, 282, 285, 286, 289, 292- 

297, 299, 300, 303, 306, 308, 314, 

329, 330, 361, 363, 375, 379, 402, 

428, 429, 463, 473, 490, 517, 524, 

530, 531, 553, 562, 583, 586, 622, 

634, 698, 699, 720-723, 729-731, 
738, 740, 754, 758, 776, 842, 844, 
859, 861, 874 

citreuSy 18, 363, 510, 530, 553 
flamiSy 679 
ureaCy 596 

Streptohacillus moniliformiSy 716 


Streptococcus 

(streptococci), 

108, 

128, 

149, 

166, 

183, 

200, 

205, 

281, 

300, 

303, 

305, 

310, 

311, 

332, 

342, 

37^, 

375, 

509, 

516, 

530, 

583, 

627, 

693, 

720, 

726, 

729, 

733, 

735-737, 

740, 

743, 

744, 

751, 

752, 

754, 

762, 

763, 

768, 

812, 

818, 872, 874, 988 



agalactiacy 516, 553, 694 
boviSy 385, 517 
cremoriSy 696 
duranSy 696 
equiy 695 

fecaliSy 129, 329, 534, 586, 696, 697, 

726, 733, 735, 737, 755, 761, 771, 

866 

hemolyticuSy 517; see also Streptococcus 
pyogenes 

lactisy 114, 115, 129, 178, 199, 466, 
514, 553, 696, 720, 726, 727, 729, 

737, 751, 752, 754, 755, 758, 762, 

812, 815, 937, 938 


Streptococcus {Continued) 
lactis R, 696, 735, 755, 761, 771; see 
also Streptococcus fecalis 
liquefadenSy 696 

long usy 865; see also Streptococcus 
pyogenes 

mastitidis, 694; see also Streptococcus 
agalactiae 
paracitrovor'uSy 726 

pyogenesy 85, 129, 155, 166, 195, 275, 
296, 308, 329, 372, 490, 553, 583, 
586, 693, 776, 872 

salivariusy 155, 385, 388, 696, 720, 
729, 737 

thermophilus, 178, 516, 740 
varianSy 423 

viridanSy 517; see also Streptococcus 
salivarius 

zymogenesy 696, 766 
Strrptothrix corallinuSy 428 
Sulfur bacteria, 623, 630, 636-642, 
646-654 

Tvlephoray 437 

Termohacterium mobiley 673, 972 
Tetanus bacillus, see Clostridium tetani 
Thermobacillus tarbelhcuSy 815 
Thiohacillus 
coproliticuSy 649 
denitrificanSy 642, 648, 650, 837 
novellvs, 642, 648, 649 
thiooxidans, 85, 261, 374, 375, 480, 
642, 649, 650-652 
thioparus, 642, 648. 649 
ThiocystiSy 424, 427 
violacea, 423 
ThionemUy 647 
Thioplocay 642, 647 
schmidlee, 647 

Thiorhodaceae {Chromatioideae) y 637 
ThiothriXy 642, 647 
niveUy 647 

Torulay 181, 270, 513, 844, 861 
cremoriSy 514, 720, 737, 740, 741, 810 
815, 906, 907 

daitilay 816 

lactosOy 906, 907 
roseUy 440 
rubescenSy 531 
rvbrUy 531 
sphericuSy 815 
utiliSy 720 

Trametes suaveolens, 1018 
Treponema 
pallidum y 184, 194 
pertenuey 194 
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Trichodermat 336, 868, 869, 863, 866 
koningif 888 
Trichomonas, 761 
Trichophyton 
inte^igitale, 308 
mentagrophytes, 168 
Trypanosoma lewisi, 539 
Trypanosomes, 539, 718 
Tubercle bacillus, 155, 184, 203, 268, 

272, 302, 327, 354, 368, 370, 371, 

384, 389, 410, 411, 416, 418, 429, 

439, 583, 687, 688, 726, 746, 747, 

758, 762; see also Mycobacterium 
tuberculosis 

Typhoid bacillus, 63, 106, 161, 184, 
193, 196, 366, 583, 684, 814, 816, 
817; see also Eherthella typhosa 

Urobacteria, 182 
Uroglena, 271 
Ustvlina, 990 
vulgaris, 1014 

Verticillium, 990 
albcHiirum, 1019 

Vibno, 368, 362, 593, 676, 683, 812 
alcaligenes, 440 
amylocella, 818 
cholerae, see Vibrio comma 
comma, 86, 129, 164, 199, 265, 266, 
259, 329, 367, 360, 362, 368, 373, 
376, 379, 389, 401, 404, 408, 490, 
510, 513, 516, 563, 683, 812, 871 
desvlfuricans, 662, 653 
El Tor, 812 
estuarii, 652, 653 
luminosus, 401 
metchnikovii, 510, 613 
rubentschickii, 693 
thermodesvlfuricans, 652, 663 
tyrosinatica, 666 

Viruses, 18, 60, 160, 196, 280, 359, 361, 
366, 716 

aucuba mosaic, 358, 363, 376 
bacteriophages, 18, 160, 158, 163, 
167, 169, 189, 194, 200, 207, 213, 
358, 359, 361, 363, 375, 716 
bushy stunt, 7, 25, 358, 361 
canary pox, 213 

cucumber 3 and 4, 358, 361, 363, 375, 
376 

cucumber mosaic, 189 


Viruses {Continued) 
encephalitis, 169, 189 
encephalomyelitis, 194, 196, 200, 213 
dog distemper, 189 
foot-and-mouth, 176, 189, 194, 213 
fowl plague, 213 
fowl pox, 189 

herpes, 169, 194, 200, 207, 213 
influenza, 194, 213, 272, 290, 305, 
358, 361 

poliomyelitis, 189 
potato X, 213, 358, 361, 363 
psittacosis, 213 
rabbit papilloma, 163, 361 
rabies, 169, 200, 213 
Rous sarcoma No. 1, 167, 200, 361, 
363, 407 

tobacco mosaic, 7, 28, 189, 194, 200, 
213, 358, 361, 363, 367, 375, 376 
tobacco ring spot, 189 
vaccinia, 167, 189, 194, 200, 207, 213, 
361, 363, 375, 407, 491 
vesicular stomatitis, 213 
yellow fever, 189, 194 

WiUia, 866 
anomala, 906 

Yeasts, 18, 55, 85, 95, 172, 197, 199, 
244, 250, 264, 271, 297, 357, 359, 

361, 363, 364, 366, 369, 376, 379, 

380, 382-384, 403, 407, 408, 416, 
417, 419, 425, 463, 467, 472, 474, 

476, 479, 481, 484, 489, 491, 492, 

610, 513-516, 618, 548, 570, 575, 
676, 683, 687, 593, 594, 620, 622, 
623, 625, 627, 634, 733, 736-741, 
743, 747, 750, 757, 759, 760, 768, 
770-772, 775, 776, 798, 799, 813- 
819, 831, 835, 837, 844, 860-865, 
868, 872, 873, 897, 898, 903, 905- 

908, 911, 917, 923, 926, 927, 930, 

932, 967, 989; see also genera 
Monilia, Oidium, Saccharomyces, 
Willia, ZygoscLccharomyces 

Zygorhynchus, 863 

Zygosaccharomyces 
addifadens, 813 
major, 815 
salsus, 815 
soja, 906 
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Absorption, 35 
Absynthin, 824 

Accelerated death phase, 103, 136 
Accessory growth factors, 615, 716-764; 
see also Vitamins 

Acetaldehyde, 301, 420, 800, 911, 922, 

924, 925, 930, 931, 941, 960, 979, 

996, 1018 

Acetaldehyde hydrate, 540, 979, 980 
Acetaldol, 955, 966 
Acetamide, 664, 671, 839, 842, 844 
Acetarsone (Stovarsol, Spirozid), 278 
Acetic acid, 262-264, 490, 802, 858, 911, 
914, 930, 940, 941, 944-951, 954, 
955, 964, 968, 969, 971, 974-980, 

997, 1006, 1011 

Acetic acid fermentation, 974r-980 
mechanism of, 979-980 
organisms for, 977 

outline of industrial process for, 976- 
979 

raw materials for, 976-977 
yields in, 979 
Acetification, 974-980 
Acetoacetic acid, 572, 966 
decarboxylase of, 481 
Acetoin, 476, 801, 960, 964; see also 
Acetylmethylcarbinol 
Acetol, 987 
Acetone, 801 

bacterial production of, 965-967, 
970-972 
uses of, 965 

Acetone factor, 711, 712, 763 
Acetoxymercuri-2-ethylohexylphenol 
sulfonic acid (Mertoxol), 276 
Acetyl choline, 490 
Acetylcreatinine, 535 
Acetylene, 799 

Acetylmethylcarbinol, 801, 918, 923, 

925, 971, 987 
formation of, 476 
oxidation of, to diacetyl, 987 

Acetylphenylcarbinol, 931 
Acetyl phosphate, 476, 482 
Acetyl polysaccharide of pneumococci, 
392 


Acid chromophore groups, 317 
Acid equivalent, 398-403 
Acidity, see Hydrogen-ion concentration 
Acids, see also specific acid desired 
as a source of carbon, 801-807 
disinfectant action of mineral, 261 
disinfectant action of organic, 262-265 
Aconitic acid, 262, 263, 577, 806, 997, 
1012 

Acridine dyes, 328, 329 
Acriflavine, 249, 323, 330 
Acriviolet, 329 
Acrolein, 331 
Acrylic acid, 803 
Actinomycetin, 334, 336 
Actinomycin A and B, 282, 334, 336 
Activators of enzymes, 454, 464-487 
Adaptive enzymes, 698-602 
formation of, 114-116 
Adenase, 604, 532 
Adenine, 369, 604, 848 
breakdown of, 632-634 
in microorganisms, 370-374 
in nutrition, 702, 707, 714, 754 
Adenosine, breakdown of, 532-534 
Adenosine diphosphate, 480, 915, 922 
Adenosine monophosphate, 480; see also 
Adenylic acid 

Adenosine-3-phosphate, 375 
Adenosine-5-phosphate, 375 
Adenosine triphosphatase, 484, 490 
Adenosine triphosphate, 476, 480, 482, 
632-534, 916, 917, 922, 926 
formation of, 482-483 
utilization of, 483, 634 
Adenylic acid, 465, 476, 480, 632-534, 
917, 922 

Adermin, 732-736; see also Pyridoxine 
Adhesion, 36 

Adipic acid, 763, 805, 996 
Adonidin, 824 
Adoninulose, 987 
Adonitol, 671, 677, 800, 987 
Adrenaline, 66, 666, 681, 876 
Adsorption, 30, 35-41 
bacteria and, 37-39 
surface, 214-215 
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Aerobacter type of fermentation, 949- 
952 

Aerobic bacteria, 631 
catalase in, 553, 583-586 
cytochrome in, 553 
peroxidase in, 553, 582 
Aerobic dehydrogenases, 505, 558, 564- 
566 

Aerosols, 245, 304-305 
Aesculase, 502, 516 
Agar, 819 
composition of, 820 
Agglutination, 41, 119 
Agitation, effect of, on bacteria, 216- 
217 

on enzymes, 460 
Aglucon, 824 
Agmatine, 838, 872 
Agon, 464 
Alanine, 849 
breakdown of, 859, 874 
in microorganisms, 375-376 
in nutrition, 681-685, 697, 699, 705, 
707, 709, 765, 766 
jS-Alanine, 850, 863 
as a growth factor, 685-690, 692, 
706, 736, 750 
in nitrogen fixation, 834 
microbiological assay for, 774 
Alanylaminoisobutyric acid, 527 
Alanyldiglycine, 462, 528 
Alanylglycine, 528 
Alanyl-Z-proline, 525, 527 
Alanylsarcosylglycine, 524 
Albargin, 271 
Alcoholase, 453 

Alcohol dehydrogenase, 465, 573-574 
Alcoholic beverages, production figures 
on, 932 

Alcoholic fermentation, 898-927, 972- 
973 

bacterial, 972-973 
yeast, 898-927 
mechanism of, 910-927 
organisms for, 906-907 
outline of industrial process for, 
902-910 

raw materials for, 900-902 
water required in, 902 
yields in, 911 

Alcohols, see also specific alcohol desired 
as a source of carbon, 799-800 
as disinfectants, 249, 298-300 
industrial uses of, 927, 965 
Aldarsone, 278 

Aldehyde dehydrogenase, 564-565 


Aldehyde-gluconic acid, 984 
Aldehyde mutase, 574-575 
Aldehydes, as a source of carbon, 800- 
801 

as disinfectants, 301-302 
Aldobionic acid, 393 
Aldol, 420, 801 
Aldolase, 918 

Alexin, 157-158; see also Complement 
Aliphatic acids, 801-807 
Aliphatic alcohols, 799-800 
Aliphatic aldehydes, 800-801 
Aliphatic ketones, 800-801 
Alizarin, 318, 326 

Alkalies, see also specific alkali desired 
disinfectant action of, 261-269 
factors influencing, 265-269 
Alkaloids, 297-298, 1018 
Alkylcatechols, 293-295 
Alkyldimethylbenzyl ammonium chlo¬ 
rides, 307 

Alkylhalophenols, 295 
Alkylhaloresorcinols, 295 
Alkylhydroquinoncs, 293-295 
Alkylphloroglucinols, 293-295 
Alkylpyrogallols, 293-295 
Alkylresorcinols, 293-295 
Allantoin, 505, 566, 664, 677, 678, 843, 
847 

Allen filters, 209 
Allobiotin, 740 
Alloxan, 725, 846 
Alloxantine, 846 

Alloxazine (flavin) systems, 476-480 
Allulose, 909 
Allyl alcohol, 799 
Allylamine, 841 
Allyl isothiocyanate, 331 
Alpha-particles, 165 
Altrose, 389 
Aluminum, 252 
in microorganisms, 365 
in nutrition, 610-621, 627, 629 
Amboceptor, 167 
Amidases, 503-504, 530-534 
Amide nitrogen in microorganisms, 377- 
378 

Amides as a nitrogen source, 842-844 
Amine dehydrogenase, 566 
Amines, as a nitrogen source, 838-842 
as disinfectants, 302-303 
Aminoacetic acid, see Glycine 
Aminoacidases, 530 

d-Amino acid oxidase, 465, 479, 481 
565-566 

Z-Amino acid oxidase, 463, 565 
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Amino acids, see also specific acid desired 
as a source of nitrogen, 849-880 
content of, in microorganisms, 375-380 
essential, 764-767 
microbiological assays for, 773-774 
relationships of, in nutrition, 764-765 
sulfonic acid analogs of, 767 
toxicity of, 764 
2-Aminoacridine, 328 
6-Aminoacridine, 328 
p-Aminobenzaldehyde, 745 
p-Aminobenzamide, 745 
m-Aminobenzoic acid, 745 
o-Aminobenzoic acid, 745 
p-Aminobenzoic acid, 742, 777 
as a growth factor, 706, 711, 712, 
714, 742-746, 777 
compounds related to, 745 
microbiological assay for, 772 
sulfonamides and, 312, 313, 744 
p-Aminobenzyl alcohol, 745 
Aminobutyric acid, 850 
a-Aminocaproic acid, see Norleucine 
€-Amino-caproic acid, 870 
a-Aminocarboxylic acids, 777 
d-Amino dehydrogenase, 565-566 
Aminoglutaric acid, see Glutamic acid 
Aminoguanidine, 846 
Aminoisobutyrylglycine, 527 
Aminophenols, 296, 745 
o-Amino-/3-phenylethyl alcohol, 878, 879 
Aminopherases, 874 
Aminopolypeptidase, 519, 523-525 
Aminopropionic acid, see Alanine 
Aminosuccinic acid, see Aspartic acid 
Amino sugars, 502, 517 
ot-Aminosulfonic acids, 777 
5-Amino valeric acid, 873 
Ammonia, 834, 838, 845, 851-873 
as a source of nitrogen, 834-836 
liberation of, by bacteria, 114,851-873 
toxicity of, 252 

Ammoniacal silver nitrate, 272 
Ammonia-transfer agent, 752 
Ammonification, 626 
Ammonium carbamate, 531 
Ammonium thiocyanate, 654, 838 
Amphoteric substance, 73 
Amygdalase, 501, 515, 516 
Amygdalin, 501, 675, 824 
Amyl alcohol, 33, 299, 300, 799, 862 
Amylamine, 303, 840, 861 
Amylases (diastases), 461, 463, 497, 
509-511, 604 
Amylophosphatase, 509 
Amyl phenol, 293 


Anaerobic bacteria, 631 
absence of catalase in, 553, 583-586 
absence of cytochrome in, 553 
absence of peroxidase in, 553 
Anaerobic dehydrogenases, 506, 558, 
566-580 

Anaerobic respiration, 542, 794 
Anaphoresis, 59 
Androstenedione, 989 
Aneurin, see Thiamin 
2:6-Anhydrofructofuranose, 386 
Aniline, 32, 33, 303 
Anionic detergents, 306 
Anions, 254-256 

effect of, on disinfectants, 268-269 
toxicity of, 251-261 
Anisealdehyde, 973, 1018 
Anise oil, 331 

Anoxidative bacterial fermentations, 
933-974 

Anoxybiontic processes, 794, 933-974 
Anthranilic acid, 869, 877, 879, 880 
Anthraquinone dyes, 318 
Anthraquinone pigments, 422, 438 
Antibiotic substances, 333-342 
Antibodies, effects of physical agents 
on, 150, 156-157, 161, 196 
molecular (particle) weights of, 7 
Antienzymes, 454 
Antigenic polysaccharides, 389-395 
Antigens, effects of physical agents on, 
150, 156-157, 161, 200, 207 
Antimony, 259, 621 
toxicity of, 278-279 

Antipneumococcus serum globulin, iso¬ 
electric point of, 25 
molecular weights of, 7 
Antiseptic agents, 250-333 
definition of, 224 
Antitetariolysin, 9 

Antitoxins, effect of physical agents on, 
156-157 
Aphanicin, 439 
Aphanin, 439 
AphanizophyU, 439 
Apiin, 824 
Apinulosin, 438 
Apoenzyme, 464 
Apozymase, 597 
Arabinose, 809, 987 
dissimilation products of, 810 
Arabinulose, 987 
Arabitol, 671, 800, 986, 987 
Arabogalactan, 388 
Arabonic acid, 986, 987 
Arachidic acid, 409, 411 
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Arachidonic acid, 760 
Arbutase, 601, 615 
Arbutin, 501, 676, 824 
Arbutinase, 601, 515 
Arecoline, 730 
Arginase, 503, 530 

Arginine, 482, 503, 630, 846, 849, 872 
breakdown of, 872 
in microorganisms, 368, 376-380 
in nutrition, 641, 682, 684, 685, 696, 
697, 699, 707, 765, 766 
microbiological assay for, 774 
Argon, 832 
Argyn, 271 
Argyrol, 271 
Arsenic, 259 

compounds of, formed by molds, 1019 
in nutrition, 620, 621, 627, 629 
toxicity of, 277-278 
Arsphenamine, 277, 278 
Asbestos niters, 210 

Ascorbic acid (vitamin C), 441, 654, 760 
in nutrition, 664, 760-751 
oxidase of, 648, 562-656 
oxidation-reduction of, 66, 564 
synthesis of, 981 
Ascorbigen, 750 
Ashby’s solution, 663 
Ash content, of agar, 820 
of bacterial polysaccharides, 398-403 
of bacterial pyrogens, 441 
of crystalline enzymes, 466 
of microorganisms, 355, 359-366 
elements in, 364-365 
Asparagine, 645, 676, 689, 703, 844 
Aspartase, 463 
Asparthione, 485 
Aspartic acid, 381, 834, 849 
breakdown of, 862-863, 874r-876 
in microorganisms, 368, 376-376 
in nutrition, 685, 692, 699, 707, 709, 
765, 766 

microbiological assay for, 774 
^-Aspartylcysteinylglycine, 485 
/5-i-Aspartylglycine, 626 
jS-Z-Aspartyl-i-tyrosine, 626 
Aspergillic acid, 336, 338, 1012 
Asper^llin, 430, 439 
Assimilation, 794 
Atabrine, 328 
Atiozymase, 597 
ATP formation, 482 
ATP utilization, 482 
Atromentin, 430, 438 
Atropine, 298 
Aurantin, 430, 439 


Aurofusarin, 430 
Auroglaucin, 430, 438 
Autocatalysis, 139 

Autoclave, pressure-temperature rela¬ 
tionship in, 191-192 
Autotrophic bacteria, 629, 635-661 
Auxins a and b, 766, 769 
Auxochrome groups, 316-317 
Avidin, 742 
Azafrin, 428 

Azelaic acid, 690, 763, 806 
Azine linkage, 323 
Azochloramide, 282, 285, 286 
Azo dyes, 318 
Azo linkage, 317 
Azotase, 504, 536 

Bacteria, as a source of radiation, 170- 
172 

as a source of vitamins, 439-441 
techniques for counting, 93 
Bacterial culture cycle, 102-139 
Bacterial enzymes, 461-614; see also 
Enzymes 

Bacterial fermentations, 933-989 
acetic acid, 974-980 
alcoholic, 972-973 
anoxidative, 933-974 
butanol-acetone, 955-967 
butanol-isopropyl alcohol, 967-970 
2:3-butylene glycol, 962-953 
butyric acid, 953-956 
colon-typhoid-dysentery, 947-952 
dihydroxyacetone, 982-983 
ethyl alcohol-acetone, 970-972 
gluconic acid, 983-984 
lactic acid, 933-941 
miscellaneous, 972-974, 985-989 
aerobic, 985-989 
anaerobic, 972-974 
oxidative, 974-989 
propionic acid, 941-946 
propylene glycol, 973 
Z-sorbose, 980-982 
d-tartaric acid, 986 
Bacterial glycogen, 7 
Bacterial luminescence, 170-171, 725 
Bacterial nutrition, 61^793 
chemotherapy and, 774-777 
essential amino acids and, 764r-767 
general requirements for growth, 
616-635 

gaseous requirements, 630-635 
inorganic requirements, 618-629 
organic requirements, 629-630 
role of water, 617-618 
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Bacterial nutrition (CmUimied) 
growth factors and, 716-764 
nutrition of individual groups, 635- 
716 

autotrophic bacteria, 635-661 
chemosynthetic, 641-661 
photosynthetic, 637-641 
heterotrophic bacteria, 662-716 
requiring amino acids, 676-686 
requiring growth factors as well, 
686-715 

utilizing gaseous nitrogen, 663- 
670 

utilizing NH 4 , NO 2 , or NOs, 
670-679 

with complex requirements, 715- 
716 

spectrum of, 636 
Bacterial pigments, 422-429 
Bacterial pyrogens, 441 
Bacterial respiration, 451-614; see also 
Enzymes 

Bactericide, definition of, 224 
Bacteriochlorophyll a and b, 423-424, 
623 

Bacterioruberin, 428 
Bacteriostasis, 248-250 
Bacteriostatic agent, definition of, 224 
Bail’s hypothesis of hmiting population, 
134 

Balls-Tucker process, 904 
Baptisin, 824 
Barbituric acid, 847 
Bard-Parker germicide, 249 
Barium, 252 

in microorganisms, 366, 620 
in nutrition, 619-621, 625, 626 
Basic chromophore groups, 317-324 
Basic fuchsin, 320, 327, 329 
Basic nitrogen of bacteria, 377 
Bay oil, 331 

Beers, production figures on, 932 
Benzaldehyde, 501, 574, 973 
Benzamide, 842 
Benzene, 32, 33, 745, 799 
Benzoic acid, 264, 265, 745, 808, 825 
Benzophenone, 802, 314 
Benzoyl-a-alanine, 631 
d-^Benzoylaminobutyric acid, 531 
4-Benzoylcreatinine, 535 
Benzoyldiglycine, 4^, 628 

1- Benzoylleucine, 631 
Benzylamine, 3(^, 838, 841 

2- Benzylcreatinine, 635 
6-Benzylcreatinine, 635 
Benzylphenol, 293 


Berkefeld filters, 209 
Beryllium, 252 
in nutrition, 620, 621, 628 
Betaine, 673, 681, 697 
Beta-particles, 165 
effect on bacteria, 167 
Bile and its salts, effect on bacteria, 
303-304 

Bile-solubility of pneumococci, 303 
Bilirubin, as X-factor, 718 
Biocatalysts, definition of, 452 
Biochemical changes during physio¬ 
logical youth, 111-114 
Biological oxidation-reduction systems, 
55-57 

theories proposed for, 640-546 
Biological selection, theory of, 109 
Bios, 440, 668 

Bios IIb, 739-742; see also Biotin 
Biotin (vitamin H), 485, 739 
as a growth factor, 623, 641, 664, 666, 
686, 691, 694-699, 704, 707, 710, 
739-742 

microbiological assay for, 771 
Bismarck brown, 317, 318, 326 
Bismuth, 259, 279 
in microorganisms, 366 
in nutrition, 621 
Bismuth subgallate, 279 
Biuret, 843, 846 

Blacktongue, effect of pyridine deriva¬ 
tives on, 730 

Boerhaave process in acetification, 978 
Boiling, sterilization by, 190 
Boletol, 431, 438 
Boric acid, 249, 265, 1002 
Boron, effect of, on gluconic acid 
fermentation, 1002, 1004 
in microorganisms, 365-366, 620 
in nutrition, 619-621, 625, 629 
Bound water, 29, 618 
in bacteria, 356 

Brandy, production figures on, 932 
Brilliant alizarine blue, 63 
Brilliant cresyl blue, 319 
Brilliant green, 249, 320, 329, 330 
Brilliant yellow, 77 
Bromelin, 519 

Bromine, as a disinfectant, 288r-289, 
292, 293 

in nutrition, 620, 621, 625, 629 
Bromoacetic acid, 808 
Bromobutyric acid, 808 
Bromochlorophenol blue, 76, 322 
Bromocresol green, 75, 76, 322 
Bromocresol purple, 75, 322 
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Bromoisobutyric acid, 808 
Bromophenol, 295 
Bromophenol blue, 75, 322 
o-Bromophenol indophenol, 53 
Bromophenol red, 322 
Bromopropionic acid, 808 
Bromosuccinic acid, 808 
Bromothymol blue, 75, 76, 322 
Bromural, 843 
Brownian movement, 5-6 
Brush-heap structure of gels, 26 
Bryonin, 824 
Buffer action, 64, 86-89 
definition of, 86 
Buffer mixtures, 88-89 
Bushy-stunt virus protein, isoelectric 
point of, 25 
Butadiene, 927 
Butane, 661 
Butanol, 955-967 
uses of, 965 

Butanol-acetone fermentation, 955-967 
by-products of, 963-965 
mechanism of, 965-967 
organisms for, 959-961 
outline of industrial process for, 957- 
965 

raw materials for, 957-959 
yields in, 962-964 

Butanol-isopropyl alcohol fermentation, 
967-970 

Butyl alcohol, 238, 299, 300, 910; see 
also Butanol 
Butylamine, 303, 840 
Butylbenzol, 661 
Butylene, 661 

2:3-Butylene glycol, 799, 800, 873, 911, 
950, 971, 987 

formation of, from acetylmethyl- 
carbinolj 925, 950 
uses of, 952 

2:3-Butylene glycol fermentation, 952- 
953 

Butyl phenol, 293, 294 
Butyl resorcinol, 294 
Butylyl resorcinol, 249 
Butyraldehyde, 973 
Butyramide, 844 
Butyrase, 490, 494 

Butyric acid, 262, 263, 409, 411, 802, 
861, 954, 955, 964, 966, 968, 969 
But 3 nric acid fermentation, 953-955 
But 3 rric aldehyde, 301, 420, 574 
BY-factor, 711, 712 

By-products, of alcoholic fermentation, 
909-910 


By-products {Continued) 
of butanol-acetone fermentation, 963- 
965 • 

Byssochlamic acid, 1012 

Cadaverine, 838, 841, 870 
Cadmium, 252, 259 
in nutrition, 620, 621, 628 
Caffeine, 298, 534 
Calcium, 252 

effect of, on gelatinase, 623 
on nitrogen fixation, 622, 833 
on pigmentation, 675 
in microorganisms, 363-366, 620 
in nutrition, 619, 620, 622-623, 628 
toxicity of, 252 

Calcium hypochlorite, 280, 287 
Caldariomycin, 1019 
Calomel half-cell, 81 
Camellin, 824 
Camphor oil, 331 
Canavanine, 850 
Capacity factor, 31, 51, 72 
Capric acid, 802 
Caproic acid, 263, 409, 802 
Caproic aldehyde, 421 
Capronamide, 844 
Caprylic acid, 263, 802 
Capsular polysaccharides, 114 
Carbamate, 673 
Carbarsone, 278 

CarbobenzoxyglycW-alanine, 523 
Carbohydrases, 487, 496-502, 508-517 
Carbohydrates, 382-389, 496-502, 508- 
517 

as a source of carbon, 807-823 
in microorganisms, 355, 382-406 
synthesis of, by microorganisms, 396- 
406 

Carbolic acid, 291-292; see also Phenol 
Carbon, 796 

compounds of, metabolized by micro¬ 
organisms, 794-829 
content of, in crystalline enzymes, 456 
in microorganisms, 358-359, 398- 
403 

in nutrition, 620, 628 
isotopic, studies with, 580 
Carbon dioxide, 473, 475-476, 507, 586- 
589, 852, 854, 858-873 
antiseptic properties of, 264 
as a source of carbon, 797 
fixation of, 109, 111, 580, 797 
necessity of, for growth, 108, 111, 
633-635 

reduction of, 633-635, 637-640 
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Carbon disulfide, 304 
Carbon monoxide, as a source of carbon, 
797 

effect of, on enzymes, 646,664,681,684 
Carboxylase, 463, 466, 473, 476, 607, 
646, 686-689, 697, 922 
Carboxylase phosphatase, 490 
Carboxylic acid-phenols, 296 
Carboxypeptidase, 456, 619, 622-523 
Cardinal temperatures, 177-183 
Carlic acid, 1012 
Carlinic acid, 1012 
Carlosic acid, 1012 
Carotene, 428, 431, 438, 664 
Carotenoid pigments, 428 
Carvacrol, 293-295, 331 
Carviolacin, 431 
Carviolin, 431 
Caryocyanine, 429 
Caseianic acid, 850 
Casein, 619 
decomposition of, 888 
isoelectric point of, 25 
Caseinic acid, 850 

Catalase, 506, 646, 682-586, 624, 626, 
701, 718 
activable, 586 
active, 586 

adsorption bands of, 683 
molecular weight of, 7 
Catalysis, definition of, 451 
Cataphoresis, 59 
Catechol, 292 
Catenarin, 431, 438 
Cathartinic acid, 824 
Cathepsin, 519 

Cathode rays, effect of, on bacteria, 164 
Cationic detergents, 306 
Cations, 251-262 
antagonism of, 256-257 
toxicity of, 251-261 
Celery oil, 330 

Cell destruction by heat, mechanism of, 
187-189 

Cellobiase, 500, 614 
Cellobiose, 496, 600, 677, 809, 816 
Cellobiuronic acid, 393 
Cellodextrin, 509 
Cellose, 514 
Cellulan, 389 
Cellulase, 496, 608-609 
CeUulose, 382, 496, 809 
breakdown of, 821-823 
in microorganisms, 365, 382-384 
Centrifuge method of counting cells, 
94, 97 


Cephalin, 410 

Cepr 3 m chloride, 307 

Cerberid, 824 

Cerium, 252, 620 

Cerotic acid, 409, 411, 415 

Ceryl alcohol, 414 

Cesium in nutrition, 620-622, 628 

Cetyl alcohol, 414 

Cetylbenzol, 661 

Cetyldimethylbenzyl ammonium chlo¬ 
ride, 307 

Cetyl pyridinium chloride, 307 
Cetyl sulfate, 307 

Cevitamic acid, 750-751; see also 
Ascorbic acid 
Chaetomin, 342 
Chamberland filters, 209 
Chemical agents, effect of, on bacteria, 
224-351 

bacteriostasis and, 248^250 
dynamics of, 229-247 
groups of, 250-342 
acids, 261-269 
aerosols, 304-305 
alcohols, 298-300 
aldehydes, 298, 301-302 
alkalies, 261-269 
amines, 298, 302-303 
anions, 261-261 
antibiotics, 333-342 
bile and its salts, 303-304 
cations, 251-261 
dyes, 315-330 
essential oils, 330-332 
ethers, 298, 300-301 
gases, 304-305 
halogen compounds, 270-290 
ketones, 298, 302 
metallic compounds, 269-279 
phenolic compounds, 291-297 
soaps and synthetic detergents, 
306-310 

sulfonamides, 310-316 
sulfones, 310-316 
water, 250-251 

methods of testing for, 225-229 
effect of, on enzymes, 450-464 
Chemical composition, of bacterial 
pyrogens, 441 
of enzymes, 456 
of microorganisms, 362-460 
amino acids in, 375-380 
ash in, 365, 350-366, 362-363 
carbohydrates in, 366, 382-406 
carbon in, 368-369, 393-403 
lipides in, 366, 406^21 
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Chemical composition, of microorgan¬ 
isms {Continued) 

nitrogen in, 355, 35^61, 398, 403 
nucleoproteins in, 368-376 
phosphatides in, 417-419 
phosphorus in, 358-369, 398-403 
pigments in, 421-439 
proteins in, 355, 366-381 
sterols in, 413, 414-417 
water in, 365-357 
waxes in, 414-417 

Chemical structure and bactericidal 
activity, 245-247, 777 
Chemosynthetic autotrophs, 630, 637, 
641-661 

Chemotherapy and nutritional studies, 
774r-777 

Chemotropism, 224 
Chinosol, 249 
Chitin, 393, 839 
Chloroacetylphenylalanine, 463 
Chloroacetyltyrosine, 622, 623, 628 
Chloral hydrate, 239 
Chloramines, 281-282 
Chloramine-T, 242, 281, 284-287, 306 
Chlorellin, 334, 336 
Chlorine, 279 

compounds of, as disinfectants, 279- 
288, 292, 293, 296 
factors influencing, 283-285 
mode of action of, 285-288 
in nutrition, 620, 624, 625, 629 
Chlorocresol green, 75 
Chloroform, 32, 33, 282, 561 
4-Chloro-2-nitrophenyl sulfur amine, 
314 

o-Chlorophenol indophenol, 63 
Chlorophenol red, 75, 76, 322 
Chlorophenols, as disinfectants, 246, 
281, 295 

Chlorophyll, as an antiseptic, 333 
bacterial, 423, 424 
role of, as X-factor, 718 
Chlororaphin, 56, 423, 425 
Chlorothymol, 295 
Chloroxylenol, 296 
Cholamine, 419, 869 
Cholesterol, 416, 688, 745 
Cholic acid, 988 

Choline, 490, 491, 494, 748, 841, 842, 
1018 

as a growth factor, 697, 698, 748-760 
specificity of, 748 
cyclic, 1019 

microbiological assay for, 772 
role of, 749-760 


Choline-phosphate-lecithinase, 491 
Chondroitinsulfuric acid, 508 
Chondrosulfatase, 508 
Chromium, 252 
in microorganisms, 366, 620 
in nutrition, 620, 621, 628 
Chromophore groups, 317-324 
Chrysogenin, 432 
Chymotrypsin, 466, 519 
Cinchomeronic acid, 730 
Cinnamic acid, 264 
Cinnamic aldehyde, 331, 973 
Cinnamon oil, 330 
Cinnamyl acetate, 331 
Citraconic acid, 678, 806 
Citric acid, 262-264, 577, 677, 807 
996, 997 
uses of, 990-991 
Citric acid cycle, 678-580, 634 
Citric acid fermentation, 990-998 
mechanism of, 995-998 
organisms for, 992 

outline of industrial process for, 992- 
994 

raw materials for, 992 
3 delds in, 994 
Citrinin, 432 
Citromycetin, 432, 438 
Citronella oil, 330 
Citronellic acid, 974 
Citronellol, 974 
Citrulline, 530, 765, 850, 873 
Clavacin, 334-336, 338, 340 
Clavatin, 336, 338, 340 
Claviformin, 336, 336, 338, 340 
Clorox, 281 
Clove oil, 330 
Clupein, 521 
Coagulase, 603, 517 
Cobalt, 252, 259 
in nutrition, 620, 621, 627, 629 
Cocaine, 298 

Cocarboxylase, 465, 473-476, 721, 724 
microbiological assay for, 768 
Cocking-Lilly process, 929, 930 
Codehydrogenase I and II, 465 
Cod-liver oil, 332 

Coenzyme I (cozymase, DPN), 66, 465, 
466, 572-576 

Coenzyme II (TPN), 668, 676-580 ’ 
Coenzyme dehydrogenase, 484-486 
Coenzyme factor, 484-485 
Coenzyme I-linked dehydrogenases, 
671-676 

Coenzyme Il-linked dehydrogenases, 
676-580 
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Coenz3ane R, 486,666,739; see alao Biotin 
Coenzymes, 464, 464^7 
definition of, 466 
role of, 486-487 
Cohesion, 36 

Cold, effect of, on bacteria, 193-195 
Collargol, 271 

Collodion (Gradocol) membranes, 210 
Colloids, 1 

characteristics of, in relation to bac¬ 
teria, 6-18 
classification of, 3-6 
effect of electrolytes on, 19 
electrical properties of, 17-18 
optical properties of, 16-17 
protective, 21-22 
Colocynthin, 824 

Colon-typhoid-dysentery fermentations, 
947-952 

Colorimetric measurement, of Ea, 52 
of pH, 74-78 
Comenic acid, 814 
Complement, 167-168, 167, 169, 207 
Composition of microorganisms, ele¬ 
mentary, 368-366 

Concentration exponent, n, of dis¬ 
infectants, 236-240 
Concentration potential, 44 
Conductivity, 42 
Condurangin, 824 
Congo red, 76, 77, 317, 318, 326 
Coniferase, 601, 515 
Coniferin, 601, 615, 824 
Coniferyl alcohol, ^1, 615, 824 
Connstein-Ludecke process, 928r-930 
Constitutive enzymes, 698, 601 
Continuous phase in colloidal state, 1 
Convallainarin, 824 
Convolvulin, 824 
Coors filters, 209 
Copper, 259 
in enzymes, 654-566 
in microorganisms, 363-366, 620 
in nutrition, 619-621, 626, 629 
toxicity of, 252, 260-271 
Coralin, 428 
Coramine, 730 
Cori ester, 396, 916 
Coronillin, 824 
Corynin, 419 
Cosmic rays, 147 
Counting bacteria, 93-102 
Cozymase, 464, 466, 769; see also 
Coenzyme I 
Creatine, 482, 749 

as a source of nitrogen, 843, 845, 846 


Creatine phosphate, 482, 917 
Creatininase, 604, 634-636 
Creatinine, 636, 846, 846 
m-Cresol indophenol, 63 
Cresolphthalein, 75, 76, 323 
m-Cresol purple, 75, 322 
Cresol red, 75, 76, 323 
Cresols, 33, 238, 249, 295, 825, 866, 878 
as disinfectants, 293 
m-Cresol sulfonphthalein, 76 
Cresyl blue, 53 
Cresylone, 249 
Cresyl violet, 319, 329 
Crotonaldehyde, 420 
Crotonic acid, 803 
Cryptosterol, 417 
Crystalloids, 1 
Crystal violet, 320, 326, 330 
Culture cycle, bacterial, 102-139 
Cumaric acid, 808 
Curcumin, 77 
Cyanamide, 837, 838 
Cyanic acid, 836, 837 
Cyanogen compounds, 837-838 
Cyanuric acid, 843 
Cyclamin, 824 
Cyclic choline, 1019 
Cyclic compounds, 826; see also specific 
compound desired 
Cyclohexanecarbonic acid, 808 
Cyclohexanol, 661 
Cynodontin, 433, 438 
Cysteine, 632, 860, 874 
breakdown of, 869 
Cysteinylglycine, 486 
Cystine, 860, 874 
breakdown of, 869 
in microorganisms, 376-379 
in nutrition, 623, 641, 680, 686, 692, 
697, 703, 705, 707, 709, 765, 766 
microbiological assay for, 774 
Cytases, 496 
Cyteses, 389 
Cytidine, 765 
Cytidylic acid, 765 

Cytochrome-linked dehydrogenases, 
666-671 

Cytochrome oxidase, 605, 548-562, 
670, 719 

Cytochrome c peroxidase, 469 
C 3 rtochrome c reductase, 481 
Cytochromes, 7, 25, 66, 648-fi62 
Cytosine, 369, ^9 
in microorganisms, 371-374 
in nutrition, 664, 764, 766 
Cytosine-6-methyl, 371 
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Dakin’s solution, 281 
Damol, 307 
Deaminases, 503, 530 
Deamination of amino acids, 851-854 
accompanied by decarboxylation, 
855-856 

Death phases of bacteria, 93, 103, 136- 
139 

Death time, thermal, 188-187 
factors controlling, 184-187 
Decane, 661 
Decarboxylases, 463 
Decarboxylation of amino acids, 854-855 
Dehydro-l-ascorbic acid, 554 
7-Dehydrocholesterol, 757 
Dehydrogenases, 505-506, 541, 546, 
558-580 

aerobic, 505, 558, 564-566 
anerobic, 506, 558, 566-580 
Dehydroisoandrosterone, 988, 989 
7-Dehydrositosterol, 757 
Denaturation, definition of, 24 
Density, definition of, 18 
Deodorant, definition of, 225 
Dermatol, 279 
Desamidases, 530 
Desaminocoenzyme I, 732 
Desiccation, effect of, on bacteria, 195- 
196 

on enz 3 rmes, 460 
Desmolases, 505-507, 536-597 
Desoxycholic acid, 9^ 

Desoxyribose, 369 
Desthiobiotin, 741 
Detergents, 305-310 
Deuterium, 250 
Dextrans, 385 
Dextrinase, 463 
Dextrins, 496, 497, 809 
as a source of carbon, 817-818 
Dextrose, see Glucose 
Diacetone sorbonic acid, 981 
Diacetone sorbose, 981 
Diacetyl, 987 
Dialysis, definition of, 8 
4:4'-Diamidinodiphenoxypropane, 333 
2:8-Diaminoacridine (proflavine), 328 
Diaminoadipic acid, 850 
Diaminoglutaric acid, 850 
Diamino-monophosphatide, 418 
Diaminotrihydroxydodecanic acid, 850 
Diamylamine, 840 
Diaphorase I and II, 481, 484-485 
Diasone, 314 

Diastase (amylase), 200, 461, 463, 497, 
509-511 


Diatomaceous earth filters, 208-209 
Dibasic nitrogen in microorganisms, 
378-379 

Dibasic saturated acids, 801, 805-806 
Dibasic unsaturated acids, 801, 806 
Dibromodichlorophenol sulfonphtha- 
lein, 75 

Dibromophenol, 295 
Dibromotyrosine, 850 
C 4 -Dicarboxylic acid cycle, 568-569, 
579, 634 

C 4 -Dicarboxylic acids, 567-569, 576; 
see also Fumaric, Malic, Oxalo¬ 
acetic, and Succinic Acid 
Dichloramine-T, 282 
2:4'-Dichlorobenzophenone, 302 
Dichlorophenols, 295 
Dicyandiamide, 683, 838 
Diethanolamine, 841 
Diethylamine, 303, 840 
Diethylmalonic acid, 805 
Diethylstilbesterol, 333 
Diethylthiourea, 846 
Diethylurea, 846 
Diffusion, 8-9 
Diffusion potential, 44 
Digitalein, 824 
Digitalin, 824 
Digitoxigenin, 824 
Digitoxin, 824 
Digitoxose, 824 
Diglycine, 463, 528 
22-Dihydroergosterol, 757 
Dihydrol, 250, 618 
Dihydro-F-penicillin, 341 
Dihydroxyacetone, 1010 
Dihydroxy acetone dehydrogenase, 575 
Dihydroxyacetone fermentation, 982- 
983 

Dihydroxyacetone phosphate, 575, 915, 
918 

Dihydroxyadipic acid, 996 
Dihydroxycholanic acid, 988 
Dihydroxycumarin (esculetin), 502, 824 
Dihydroxydiaminosuberic acid, 850 
4:4'-Dihydroxy-a-/3-diethyIstilbene, 333 
2:2'-Dihydroxy-3:5 ;6-3' :5' :6'-hexa- 
chlorodiphenylmethane, 297 
5:6-Dihydroxyindole-a-carboxylic acid, 
505 

Dihydroxy monobasic acids, 801, 804 
Dihydroxymonomethoxy alcohol, 415 
1:2-Dihydroxyphenazine-N, N'-dioxide, 
339, 423, 425 

3:4-Dihydroxyphenylalanine, 505, 850 
3:5-Dihydroxyphthalic acid, 1013 
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Dihydroxypropyl bismuthate, 279 
Dihydroxystearic acid, 409, 410 
3:5-Diioclo-2-hydroxybenzoic acid, 290 
Diiodotyrosine (iodogorgoic acid), 850 
breakdown of, 867 
Diisobutylamine, 840 
Dikctoadipic acid, 995, 996 
2:3-Diketogulonic acid, 554 
Diketoinositol, 988 
Dill oil, 330 
Dilution error, 102 
Dilution method of counting, 97-99 
Dimethylamine, 840 
p-Dimethylaminobenzaldehyde, 745 
Dimethylcreatinine, 535 
Dimethylmalonic acid, 805 
Dimethyl-n-propylarsine, 1019 
Dimethylpyruvic acid, 1013 
6:7-Dimethyl-9- (1 '-d-ribityl) isoalloxa- 
zinc, 477; see also Riboflavin 
Dimethyl selenide, 1019 
Dimcthylurea, 843 
Dinicotinic acid, 730 
Dinucleotide of Stokstad, 762 
Dipeptidases, 463, 519, 525-527 
Dipeptides, 463, 521-527 
Diphenyl, 333 

2:5-Diphenyl-3:6-dihydroxybenzoqui- 
none, 436 

Diphenyl ketone, 302 
Diphenyl mercurials, 277 
Diphenylmethane, 296-297 
Diphenylurea, 846 
Diphosphoglyceraldehyde, 801 
Diphosphoglycorate, 482, 575, 591, 801 
Diphosphopyridine nucleotide, 465-467, 
470, 700, 717, 731-732, 919; 
also Coenzyme I 
microbiological assay for, 769 
Diphosphothiamin, 473-476, 588; see 
also Cocarboxylase 
Diphtheria antitoxin, 9 
effect of ultraviolet light on, 157 
molecular weight of, 7 
Diphtheria toxin, 9, 200, 207 
effect of ultraviolet light on, 156-157 
molecular weight of, 7 
Diphtheric acid, 410 
Diplococcin, 342 
Dipropylamine, 840 
Direct count of bacteria, methods for, 
94, 95 

Disaccharide phosphorylases, 590, 591 
Disaccharides, 49^500, 513-514 
Discontinuous phase in colloidal state, 
1 


Disinfecting agents, 250-333; see also 
Chemical agente 
characteristics of ideal, 225 
concentration exponent, n, of, 236-240 
definition of, 225 
methods of testing, 225-229 
Disinfection, course of process of, 230- 
236 

dynamics of process of, 229-247 
effect of concentration on, 236-240 
effect of organic matter on, 243-244 
influence of temperature on, 240-243 
surface tension and, 244 -245 
Dispersed phase in colloidal state, 1, 3 
Dispersion medium in colloidal state, 1, 
3 

Dissimilation, 542, 794 
Dissociation constants, 65 
Distilled spirits, production figures on, 
932 

Distribution error in counting bacteria, 
102 

Djenkolic acid, 850 
Dodecandiaminodicarboxylic acid, 850 
Dopa oxidase, 548 
Dorn effect, 58 
Doulton filters, 209 

DPN, 466, 558, 915; see also Diphospho¬ 
pyridine nucleotide and Coen¬ 
zyme I 

DPT, 473-475, 915; see also Diphospho¬ 
thiamin and Cocarboxylase 
Drene, 307 

Dry heat, sterilization by, 190 
Dulcitol, 677, 800, 986 
Duponol LS, 307 

Dyes and related compounds, 315-330 
as antiseptics, 327-330 
as indicators, of oxidation-reduction, 
52-54, 327 
of pH, 75, 77 
as stains, 325-7326 
classification of, 315-324 
definition of, 315 
oxidation-reduction of, 324-325 
photodynamic action of, 149-152 
use of, in media, 327 
Dynamics of disinfection process, 229- 
247 

Eo, 50 
Ehf 50 

Eberthella type of fermentation, 949 
Edestin, breakdown of, 888 
molecular weight of, 7 
Egg albumin, coagulation of, 188 
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/3-Eicosanol, 415 
d-Eicosanol-2, 416 
Elaidic acid, 803 
Elasticity, 12, 29 
of protoplasm, 15, 16, 30 
of sob and gels, 29 
Electrical potentiab, 43- 57 
Electrical properties of colloids, 17-18 
Electricity, effect of, on bacteria, 196- 
199 

Electrode, glass, 83 
hydrogen, 48, 49, 53, 56, 79 
quinhydrone, 82 
reference, 80 
Electrode equation, 49 
Electrode potential, 44 
Electrodialysis, 8 
Electroendosmosis, 58 
Electrokinetic phenomena, 41, 57—64 
Electrokinetic potential, f, 61 
Electrolytic conduction, 42-43 
Electromagnetic waves, 144-172 
classification of, 145-146 
cosmic rays in, 147 
gamma-ray region of, 147, 165-169 
Hertzian waves of, 147 
infrared region of, 147, 170 
mbcellaneous rays and, 169-172 
mitogenetic rays and, 147, 172 
sunlight and, 146-149 
ultraviolet region of, 147, 152-160 
visible region of, 147, 149 
X-ray region of, 147, 160-164 
Electrometric method of measuring, of 
Il-ion activity (pH), 74, 78-84 
of oxidation-reduction potentiab, 54- 
55 

Electron microscope, waves for, 147 
Electro-osmosis, 8, 41, 58 
Electrophoresis, 41, 58-64 
measurement of, 60 
of microorganisms, 60, 62, 64 
Electrophoretic mobility, 58-64, 119- 
121 

Electrophysiology, 41-57 
Elements, oligodynamic action of, 258- 
261 

Eluate factor, 762 

Emanations from radioactive elements, 
164-169 

Embden-Meyerhof-Pamas Scheme, 916 
Emodic acid, 433, 438, 1013 
Emulsions, definition of, 5 
Emubol, 307 
Endoenzymes, 487 
Endopeptidases, 618 


Energy, from aerobic respiration, 637 
from anaerobic respiration, 637 
from phosphate bonds, 482-484 
English round-pump process, 978 
Enolase, 921 

Enteric group of bacteria, fermenta¬ 
tions by, 947-952 
nutrition of, 677-679, 683-686 
Enzymes, see also specific enzyme desired 
action of chemical agents on, 469-464 
action of physical agents on, 459-464 
activators of, 454, 464-487 
adaptation of, 697-603 
adaptive, 698^02 
antienzymes for, 454 
classification of, 487-597 
carboxylases, 686-689 
catalase, 582-686 
desmolases, 536-580 
dehydrogenases, 558-580 
oxidases, 546-557 
hydrolases, 488-536 
carbohydrases, 608-517 
esterases, 488-508 
proteinases and peptidases, 517- 
536 

miscellaneous, 591-596 
peroxidases, 680-582 
phosphorylases, 589-691 
zymase complex, 696-697 
coenzymes and, 464-487 
constitutive, 598, 601 
decomposing bacterial gums, 609 
definition of, 452 
desiccation of, 460 
effect of pH on, 461-463 
heat resistance of, 189 
isolation of, 464-465 
nomenclature for, 453-454 
proenzymes and, 454 
properties of, 455-458 
respiratory, 537 

reversibility of reactions catalyzed by, 
456 

specificity of, 458-459 
terminology of, 463-464 
uses of, 603-605 
variation of, 597-603 
Eoff-Linder-Beyer process, 929-930 
Eosin, 321, 326 

Ephedrine, preparation of, 931 
Erdin, 1019 
Ergochrysin, 433 
Ergosterol, 416 
Ericolin, 824 
Erypsin, 618 
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Erythritol, 800, 986, 987, 1018 
Erythrocruorin, molecular weight of, 
367 

Erythroglaucin, 433 
Erythrulose, 987 

Escherichia type of fermentation, 947- 
949 

Esculase, 502, 516 
Esculetin, 502, 516 
EscuUn, 502, 677, 824 
Esculinase, 502, 516 
Essential amino acids, 764-767 
Essential fatty acids, 756, 759-760 
Essential oils, effect of, on bacteria, 330- 
332 

Esterases, 487-508 
Esters, see specific ester desired 
Estradiol, 988 
Ethanol, see Ethyl alcohol 
Ethers, effect of, on bacteria, 300-301 
2-Ethoxy-6:9-diaminoacridine (Riva- 
nol), 328 

Ethyl acetate, 1018 

Ethyl alcohol, 32, 238, 897, 898, 911, 
913-915, 930, 940, 947-950, 964, 
966, 968, 971-973 
effect of, on bacteria, 299-300 
uses of, 927 

Ethyl alcohol-acetone fermentation, 
970-972 

Ethyl alcohol fermentation, see Al¬ 
coholic fermentation, 898-972 
Ethylamine, 840, 859, 874 
Ethylaniline, 302 
Ethylene, 661, 799 
Ethylene blue, 329 
Ethylenediamine, 841 
Ethylene glycol, 305, 680, 799, 860, 987 
Ethylene oxide, 304 
Z-Ethylene oxide-a-/3-dicarboxylic acid, 
1013 

Ethyl indole, 877 
Ethyl malonic acid, 805 
Ethyl phenol, 293 
Ethyl resorcinol, 294 
Ethyl sulfide, 869 
Ethylurea, 843, 846 
Ethyl violet, 329 
Eucalyptus oil, 330, 331 
Eucupine, 298 
Eugenol, 331 
Euonymin brown, 824 
Euonymin green, 824 
Exoenzymes, 487 
Exopeptidases, 518 
Extracellular enzymes, 487 


Fy factor in sterilization processes, 184 
Facultative, definition of, 631 
Fats, 825; see also Lipides 
in bacteria, 355, 406-421 
synthesis of, 419-421 
Fat-soluble factors (vitamins), 756-760 
Fatty acids, 239; see also specific acid 
desired 
Fennel oil, 330 

Fermentations, 896-1030; see also speci¬ 
fic fermentation desired 
bacterial, 933-989 
mold, 989-1020 
yeast, 898-933 

Fermentative dissimilation, 542 
Ferment protein, 464 
Ferments, organized, 453 
unorganized, 453 
Ficin, 519 

Filtration methods, 208-216 
Allen filters, 209 
asbestos filters, 210 
Berkefeld filters, 209 
Chamberland filters, 209 
Coors filters, 209 

diatomaceous earth filters, 208-209 
Doulton filters, 209 
factors involved, 214-216 
gradocol filters, 210-214 
kieselguhr filters, 208-209 
Kramer filters, 209 
Maassen filters, 209 
Handler filters, 209 
Plaster of Paris filters, 209 
porcelain filters, 209 
Seitz filters, 210 
sintered glass filters, 210 
ultrafilters, 210-214 
Final phase of decline in population, 
136 

Fixation, of carbon dioxide, 109, 111, 
580, 797 

of nitrogen, 831-834 
Flavacidin, 337 
Flavacin, 439 

Flavin-adenine nucleotides, 465, 479, 
481 

Flavin systems, 476-480 
Flavoglaucin, 433, 438 
Flavorhodin, 428 
Flocculation, 19-20, 25 
Fluidity, 12 
Fluorane, 321 
Fluorescence, 170 

Fluorine, as a disinfectant, 290, 293 
in nutrition, 620, 621, 625, 629 
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Folic acid, as a growth factor, 696, 707, 
714, 760, 761 

microbiological assay for, 771 
Food and Drug Administration Method 
of testing disinfectants, 226-227 
Formaldehyde, 301-302, 304 
Formalin, 249, 278 
Formamide, 844 
Formation of gels, 27 
Formic acid, 266, 671, 802, 947-961, 
964, 966, 964, 966, 969, 971, 
1013 

Formic acid dehydrogenase, 660, 663, 
671, 694, 624 

Formic acid hydrogenlyase, 694, 624 
F-penicillin, 341 
Frangulic acid, 824 
Free water, 29, 366 

Freezing, effect of, on bacteria, 193-196 
Frequency (v), 145 
Frings process for acetiffcation, 978 
Fructofuranose group, 387 
Fnictosans, 385-388 
Fructose (levulose), 385-386, 561, 809 
as a source of carbon, 814 
Fructose-1:6-diphosphate, 396,483,915, 
917, 918 

Fructose-6-phosphate, 396, 915, 917 
Fuchsins, 320, 324, 326, 327, 329 
Fucose, 809, 811, 813 
Fulvic acid, 433, 439, 1013 
Fumaramide, 844 
Fumarane, 273, 276, 297 
Fumarase, 668 

Fumaric acid, 381, 668, 806, 862, 997, 
1006, 1007 

Fumaric acid fermentation, 1005-1006 
Fumigacin, 334, 336 
Fumigatin, 434, 438 
Fungicides, 260-271, 289, 308, 314, 333 
methods for evaluating, 229 
Fungus pigments, 422, 430-439 
Furan compounds as disinfectants, 297 
Furfural, 384, 974 
2-Furfuryl alcohol, 297, 974 
2-Furoic acid, 297 
Fusel oil, composition of, 910 

G-11, 297, 306 
Galactans, 388 
Galactonic acid, 814, 988 
Galactose, 388, 499, 809, 814, 988 
Gallic acid, 602, 616, 1007 
uses of, 1007 

Gallic acid fermentation, 1007 
Gallium in nutrition, 620, 628, 629 


Gallocyanine, 63 
Gamma-rays, 145-147 
effect of, on microorganisms, 165-169 
Garlic vapors, 331 
Gaseous disinfectants, 304-305 
Gaseous pressure, effect of, on bacteria, 
199, 203 

Gaseous requirements in nutrition, 630- 
636 

Gasoline, 661, 799 
Gauss, definition of, 198 
Gelatinase, 520-521, 623 
Gelatins, isoelectric points of, 25 
Gelation temperatures, 26 
Gels, definition of, 4 
formation of, 27 
general properties of, 27-30 
hydrophilic, 22, 26-30 
silica, 26 
structure of, 26 
swelling of, 28 
Gel-sol transformation, 22 
Generation index, 127 
Generat^'on time of bacteria, 122, 129 
Gentianase, 498, 512 
Gentianose, 388, 498, 512, 809, 817 
Gentian violet, 249, 329 
Gentiobiase, 512 

Gentiobiose, 498, 601, 512, 809, 817, 824 
Gentisic acid, 1013 
Gentisyl alcohol, 1018 
Geodin, 1019 
Geranium oil, 330 

Germanium in nutrition, 620, 621, 628, 
629 

Germicidal efficiency of alkalies, 265- 
269 

factors influencing, 265-269 
Germicidal gases and vapors, 304-305 
Germicides, definition of, 224 
methods of testing, 225-229 
Gin, production figures on, 932 
Glass electrode, 83 
Glass (sintered) filters, 210 
Glaucanic acid, 1013 
Glaucic acid, 1014 
Glauconic acid, 1014 
Gliadin, breakdown of, 888 
molecular weight of, 7 
Gliotoxin, 334, 336, 338 
Globularin, 824 
Glucoheptose, 809, 814r-816 
Gluconic acid fermentations, 983-984, 
999-1005 

mechanism of, 984, 1004-1005 
organisms for, 983, 999 
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Gluconic acid fermentations {Continued) 
outline of processes for, 983, 1000- 
1004 

raw materials for, 983, 1002 
yields in, 983, 1003-1004 
Gluconic acid-6-phosphate, 396 
Gluconic acids, 673, 984 
uses of, 983 

Glucononose, 809, 814-816 
Glucooctose, 809, 814-816 
Glucoproteinase, 502, 517 
Glucoproteins, 502, 517 
Glucosamine, 679, 697, 839, 841 
Glucosans, 385 

Glucose, 382, 385, 498-501, 809 
as a source of carbon, 813 
breakdown of, 913-915, 939, 941, 
945, 948, 950, 955, 966, 995, 1004 
dissimilation products of, 812-813 
effect of, on nitrification, 645 
synthesis of ascorbic acid from, 981 
Glucose dehydrogenase, 465, 573 
Glucose-1-friictofuranose, 405 
Glucose oxidase, 481 
Glucose-1-phosphate, 396, 405-406, 591, 
926 

Glucose-6-phosphate, 396, 471, 576, 
916, 926 

Glucose-6-phosphato dehydrogenase, 
405 

Glucosidases, 500-502, 514r-517 
Glucosides, 500-502, 514-517 
Glucosonic acid, 984 
Glucuronic acid, 388, 669, 1014 
Glutamic acid, 575, 849 
breakdown of, 863-864, 874-875 
in microorganisms, 375-376, 393 
in nutrition, 641, 684r-685, 696, 703, 
714, 765, 766 

microbiological assay for, 774 
Glutamic acid dehydrogenase, 465, 
472, 575-576 
Glutamine, 842, 875 
in nutrition, 693, 697, 704, 715, 751- 
753 

Glutamine cycle, 874^875 
a-Glutamylcysteinylglycine (isogluta¬ 
thione), 485 

Glutaric acid, 753, 805, 863 
Glutarimide, 844 

Glutathione, 465, 581, 595, 623, 632 
as a growth factor, 695, 697, 715, 
760, 761 

as coglyoxalase, 485, 595 
potential of, 56 

Glyceraldehyde phosphate, 570 


3-Glyceraldehyde phosphate, 575, 918 
Glyceridases, 488-490; see also Lipases 
Glycerol, 32, 570, 799, 1018 
as a source of carbon, 799-800 
uses of, 931 
viscosity of, 13, 14 
Glycerol fennentation, 927-931 
mechanism of, 929-931 
organisms for, 930 
outline of processes for, 928-929 
raw materials for, 930 
yields in, 930 

Glycerophosphatase, 490, 492, 495 
Glycerophosphate, 492, 495 
Glycerophosphate dehydrogenase, 569- 
570 

Glycerophosphate-lecithinase, 490, 491 
Glycerophosphoric acid, 494, 495 
Glycine, 503, 849 

anhydride of, in bacteriophage growth, 
716 

breakdown of, 857, 858 
in microorganisms, 375-377 
in nutrition, 685, 692, 697, 699, 703, 
705, 707, 709, 715, 765, 766 
sulfonic acid analog of, 716 
Glycocholic acid, 857 
Glycocoll, 858; see also Glycine 
Glycocyamidine, 535 
Glycogen, 809 
as a source of carbon, 818 
bacterial, 7 

synthesis of, scheme for, 396, 915 
Glycolic acid, 262-264, 804, 987, 1014 
Glycolic aldehyde, 857 
Glycols as aerosols, 305 
Glycosides, 823-825 
Glycyl-p-aminobenzoic acid, 526 
Glycyldehydrophenylalanine, 527 
Glycylglycine, 523 
Glycylglycine-Weucine, 523 
Glycyl-Z-leucine, 523 
Glycylmethylamine, 528 
Glycyl-p-nitraniline, 527 
Glycyl-/-proline, 527 
Glycylsarcosine, 527 
Glyoxalase, 465, 507, 591, 594-596 
coenzyme for, 485, 595 
Glyoxylic acid, 857, 858, 1014 
Gold, 259 

in nutrition, 620, 621 
in yeast, 620 
toxicity of, 252, 272 
Gold number, 21 
G-penicillin, 341 
Gradocol membranes, 210 
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Gramicidin, 334-336, 839, 342 
Gramicidin S, 336, 339, 3^ 

Gratiolin, 824 
Griseofulvin, 1019 

Growth and death of bacteria, 93-143 
curves of, 96, 103, 105 
death phases of, 103, 136-139 
dormancy in, 106 
effect of temperature on, 177-189 
general requirements of, 616-635 
initial stationary phase in, 103, 104 
lag phase of, 103, 104 
latent phase in, 103, 104 
logarithmic ph^ of, 103, 121-132 
measurement of, 93-102 
negative acceleration phase in, 103, 
132-133 

physiological youth stage of, 104, 
111-121 

population cycle in, 93, 102-139 
stationary phase of, 103, 133-136 
Growth factors for microorganisms, 
615, 716-764; see also Vitamins 
Growth rate constant, 123 
Growth temperature range, 180-183 
Guanase, 504, 532 
Guanidine, 673, 843, 845, 846 
Guanidinoacetic acid, 749 
Guanine, 368, 369, 504, 532, 847, 848 
in microorganisms, 370-373 
in nutrition, 707, 754, 756 
Guanine riboside, 495, 502 
Guanylic acid, 495 
Guluronic acid, 984 
Gum arabic, 669, 819 
Gums, 809 

as a source of carbon, 819 
enzymic decomposition of bacterial, 
509 

production of, by bacteria, 384-389, 
609 

Gurwitsch rays, 147, 172 

Haas enzyme, 481 
Hallochrome, 56 
Halogenated phenols, 292-293 
Halogens and their compounds, 279- 
290, 292-293; see also Bromine, 
Chlorine, Fluorine, and Iodine 
Harden-Young ester, 396, 916, 917 
Haut-Erythema-Dosis, 161 
Heat, production of, by bacteria, 112, 
170 

resistance of bacteria to, 190 
resistance of enzymes to, 189 
resistance of toxins to, 189 


Heat (CarUmued) 
resistance of viruses to, 189 
sterilization by, 189-192 
Heavy water, 260, 618 
Hederaglucoside, 824 
Helium, 194, 832 
Helleborein, 824 
Helmholtz potential, 61 
Helminthosporin, 434, 438 
Helvolic acid, 336, 339, 1014 
Hematin, 705, 717 
Hematoxanthin, 439 
Hemicellulase, 496, 508-609 
Hemicellulose, 384, 496, 608-609, 809, 
819-820 

Hemin, 56, 625, 701, 717-719 
Hemocuprein, 665 
Hemocyanin, 666 

molecular weight of, 7 
Hemoglobin, 367, 718 
molecular weight of, 7 
Hemolytic amboceptor, 167 
Heptane, 661 

Heptose sugars, 809, 814-816 
Heptyl alcohol, 299, 300 
Heptylamine, 841 
Heptylio acid, 802 
Heptyl resorcinol, 294 
Heptylyl resorcinol, 294 
Hermidine, 66 
Hertzian waves, 147 
Hesperidin, 824 
Hesperitin, 824 
Heteroauxin, 769 

Heterofermentative type of metabolism, 
936, 937, 940-941 

Heterotrophic bacteria, 629, 662-716 
A-Hexadecenoic acid, 410 
Hexamethylenetetramine, 841 
Hexane, 660, 661 

Hexokinase, 483, 484, 597, 916, 926 
Hexosamine, 368 
Hexosans, 384-389 
Hexose diphosphate, 483, 492-493 
Harden-Young ester, 396, 482, 915, 
917 

Hexose monophosphate, 396, 483, 576 
Cori ester, 396, 482, 507, 915 
Neuberg ester, 396, 482, 916 
Robison ester, 396, 471, 576, 915, 916 
Hexose monophosphate dehydrogenase, 
466, 471, 606, 676 
Hexosephosphatase, 492, 494 
Hexose sugars, 809 
Hexyl alcohol, 299, 300 
Hexylamine, ^3, 840 
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a-/9-Hexylene aldehyde, 421 
Hexyl phenol, 293 
Hexyl resorcinol, 276, 294 
Higher alcohols, 414-417 
High-frequency electric currents, 197- 
198 

High pressure, effect of, on bacteria, 
199-203 

on enzymes, 460 
Hippuric acid, 603, 631, 857 
Hippuricase, 603, 631 
Histaminase, 666 
Histamine, 841, 871 
Histidine, 849, 874 
breakdown of, 871-872 
in microorganisms, 368, 375-380 
in nutrition, 685, 697, 699, 703, 707, 
709, 715, 765, 766 
Histidol, 872 
Histones, 373 
Histozyme, 531 
Hofmann’s violet, 320 
Hofmeister series, 22 
Holoenzyme, 464, 466 
Holozymase, 597 
Homocysteine, 749 

Homofermentative type of metabolism, 
936, 939-940 

Honey-comb structure of gels, 26 
Hordenine, 666 
Horseradish vapors, 331 
ILT.H., 281 
Humic acids, 430 

Humin nitrogen in microorganisms, 
377-378 

Hydantoin, 677, 678, 843 
Hydrazine, 664, 841 
Hydrocarbons, utilization of, by bac¬ 
teria, 661, 799 
Hydrochloric acid, 239, 242 
Hydrocide, 307 
Hydrocyanic acid, 884 
as a source of nitrogen, 837 
Hydrogen, 252, 620, 628, 661 
as an inhibitor of nitrogen fixation, 
832 

content of, in bacterial polysac¬ 
charides, 392, 398-403 
in crystalline enzymes, 466 
in pyrogens, 441 

gaseous, effect of, on bacteria, 203 
Hydrogenase, 607, 663, 691-6^, 624, 
664 

Hydrogen electrode, 48, 49, 63, 56, 79 
Hydrogen-ion concentration (activity), 
64-86 


Hydrogen-ion concentration (Conlin-‘ 
ued) 

effect of, on bacterial activities, 84-86 
on disinfectants, 241, 261, 261, 
263, 264, 283-284, 287, 288 
on enzymes, 456, 461-464 
measurement of, 74-84 
Hydrogenlyase, 607, 663, 691, 693, 694 
Hydrogen peroxide, 239, 606 
effect of, on bacteria, 332, 662 
Hydrogen sulfide, 648,662,663,869,884 
effect of, on enzymes, 646, 647, 661, 
654, 581, 684 
Hydrolases, 463, 487-636 
Hydrol 5 rtic deamination of amino acids, 
852-863 

Hydrol 5 ^ic enzymes, 488-536, 494-606 
Hydronium ion, 67 
Hydrophilic, definition of, 3 
Hydrophilic gels, 22, 26-30 
elasticity of, 29-30 
formation of, 27 
hysteresis of, 29 
imbibition of, 28 
structure of, 26 
swelling of, 28 
syneresis of, 27 
thrixotropy of, 27-28 
water relationships of, 28-29 
Hydrophilic sols, 23-26 
coagulation of, 24-25 
isoelectric point of, 24, 26 
other properties of, 23 
Hydrophobic, definition of, 3 
Hydrophobic sols, 23 
Hydroquinone, 292 
Hydroxyaspartic acid, 850 
p-Hydroxybenzoic acid, 745, 808, 866 
o-Hydroxybenzy! alcohol, 824 
/3-Hydroxybutyric acid, 672, 673, 804 
/3-Hydroxybutyric dehydrogenase, 547, 
672, 673 

/3-Hydroxycaproic aldehyde, 420, 421 
Hydroxycarboxylic acid phenols, 296 

3- Hydroxycholanic acid, 988 

4- Hydroxydiethylstilbene, 333 
Hydroxydiphenylmethane, 296 
6-Hydroxyfumigatin, 437 
Hydroxyglutamic acid, 766, 860 
2-Hydroxyindolealanine, 878, 879 
Hydroxyisobutyric acid, 804 
Hydroxylamine, 644, 664 

as an intermediate in nitrogen fix^ 
tion, 834, 837 

as a source of nitrogen, 834-836 
production of, by molds, 1018 
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Hydroxylysine, 850 

2- Hydroxymercurifuran (Fumarane), 

276 

af-Hydroxy- 7 -methiobutyric acid, 870 

3- Hydroxy-4-methoxy-2:5-toluquinone, 

434 

2-Hydroxyraethylfurane-5-carboxylic, 
acid (Suniiki's acid), 1014 
Hydroxypantothenic acid, 738 
p-Hydroxyphenylacetic acid, 866, 876 
p-Hydroxyphenylacrylic acid, 865, 876 
p-Hydroxyphenylethylamine, 866 
p-Hydroxyphenyllactic acid, 865, 876 
p-Hydroxyphenylpropionic acid, 865, 
876 

Hydroxyproline, 376, 849 
breakdown of, 873 
in nutrition, 682, 699, 703, 707, 765 
Hydroxytryptophan, 8^ 
Hydroxyvaline, 850 

Hygienic Laboratory Method of testing 
disinfectants, 226-227 
Hyodesoxycholic acid, 988 
Hypertonic solutions, 9, 202 
Hyphasamine, 850 
Hypochlorites, 242, 280-281 
Hypochlorous acid, 28 f 
Hypotonic solutions, 9, 202 
Hypoxanthine, 504, 532, 564, 848 
in microorganisms, 370 
in nutrition, 697, 754, 755 
Hypoxanthine oxidase, 532 
Hysteresis of gels, 29 

Iditol, 986 
Idose, 389 
Igepon AP, 307 
Igepon T, 307 
Imbibition, 4, 8, 11, 28 
Imidazoleacetic acid, 872 
Imidazoleacrylic acid, 871 
Imidazoleethyl alcohol, 872 
Imidazoleethylamine, 871 
Imidazolelactic acid, 871 
Imidazolepropionic acid, 871 
Imides as a source of nitrogen, 842-843 
a-Imipoglutarate, 472, 575 
Icoamine linkage, 323 
Indicators, for oxidation-reduction meas¬ 
urements, 52-54, 327 
for pH measurements, 74-78 
brilliance of, 78 
Indigo disulfonate, 53 
Indigoidine, 429 
Indigo tetrasulfonate, 53 
Indigotin, 842 


Indirect count, methods for, 94, 95-97 
Indole, 868, 877-879 
as a source of nitrogen, 839, 842 
rupture of ring in, 869, 878-880 
Indoleacetic acid, 696, 664, 667, 715, 
759, 868, 877 
Indoleacrylic acid, 878 
Indolealdehyde, 878 
Indolebutyric acid, 667 
Indolecarboxylic acid, 878 
Indoleethyl alcohol, 868 
Indoleethylamine, 868, 877, 878 
Indoleglycine, 878 
Indolelactic acid, 867, 878 
Indolepropionic acid, 667, 867, 877, 878 
Indolepyruvic acid, 878 
Indophenol oxidase, 548-552 
Indoxyl, 842 

Industrial alcohol, production of, 898- 
927 

uses of, 927 
Infrared rays, 147, 170 
Initial stationary phase, 103, 104 
Injury potential, 44-45 
Inorganic requirements of bacteria, 
618-629 
Inosine, 533 

Inosine triphosphate, 483 
Inosinic acid, 533, 701, 732 
Inositol, 495, 825, 988 
as a growth factor, 619, 664, 745-748 
diketoinositol from, 988 
microbiological assay for, 772 
Insulin, 7, 623 
Intensity factors, 31, 51, 72 
Interfacial tension, 30-35, 204 
Intemucleotide phosphate transfer, 482, 
483 

Intracellular enzymes, 487 
Inulase (inulinase), 497, 512 
Inulin, 497, 512, 809 
as a source of carbon, 818-819 
Invertase (sucrase), 167, 463, 498, 513 
Iodine, 279 

as a disinfectant, 289-290, 293 
in nutrition, 620, 621, 625, 629 
tincture of, 249, 289 
Iodine trichloride, 290 
lodinin, 337, 339, 425 
lodoacetic acid, 573, 596 
Iodoform, 290 
lodogorgoic acid, 850, 874 
breakdown of, 867 
Ions, see Anions and Cations 
Iridin, 515, 824 
Iridinase, 515 
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Irigenin, 515 

Iron, as an activator of enzymes, 521 
diphtheria toxin and, 624 
enzymes containing, 541,549,581,583 
in microorganisms, 364r-365, 620 
in nutrition, 619-621, 624-625, 629, 
683 

toxicity of, 252 
Warburg's cycle of, 541 
Iron bacteria, 655-657 
Iron porphyrins, 548, 551, 583 
Isatin, 842 

Isoalloxazine-adenine nucleotides, 465, 
481 

Isoalloxazine derivatives and riboflavin 
activity, 727 

Isoalloxazine-d-ribose phosphate, 481 
Isoamyl alcohol, 861, 910, 925 
Isoamylamine, 861 
Isoamyl resorcinol, 294 
Isobutyl alcohol, 799, 860, 910 
Isobutylamine, 840, 860 
Isobutyl resorcinol, 294 
Isobutyramide, 844 
Isobutyric acid, 802, 860 
Isocitric acid, 472, 577, 579 
Isocitric acid dehydrogenase, 472, 576- 
578 

Isoelectric point, 25, 73 
Isoglutathione, 485 
Isohexyl resorcinol, 294 
Isoleucine, 849, 925 
breakdown of, 861 
in microorganisms, 376 
in nutrition, 682, 696, 707, 765, 766 
microbiological assay for, 774 
toxicity of, 764 
Isomerase, 405, 471, 575, 918 
Isonicotinic acid, 730 
Isopropyl alcohol, 300, 968, 969 
Isopropyl alcohol fermentation, 967-970 
Isopropylamine, 840 
Isosucrose, 513 
Isotonic solutions, 9, 202 
Isovaleraldehyde, 973 
Itaconic acid, 578, 997 
Itaconic acid fermentation, 998-999 

Jalapin, 824 
Janus green, 318, 326 
Jerusalem artichokes, 936 
Juglonc, 56 
Juniper oil, 331 

Katadyn silver, 261 
Katalase fahigkeit unit, 584 


Kephirlactase, 456 
Kerosene, 661 

ac-Keto-/3-carboxyglutaric acid, 472 
2-Ketogluconic acid, 573, 812, 983 
5-Ketogluconic acid, 983, 984 
a-Ketoglutaric acid, 472, 576-577, 863 
Ketohexoses, 809 

a-Keto- 7 -hydroxyvaleraldehyde, 812 
a-Keto- 7 -hydroxyvaleric acid, 812 
Ketones, see also specific ketone desired 
as antiseptics, 302 
as a source of carbon, 800-801 
Ketopentadecoic acid, 1015 
Kieselguhr filters, 20^209 
Kinase, 454 

Kinetics of enzyme reactions, 458-459 
Kojic acid, 811, 987 
uses of, 1008 

Kojic acid fermentation, 1008-1010 
mechanism of, 1009-1010 
organisms for, 1008 
raw materials for, 1008 
yields in, 1008-1009 
Komenic acid, 988 
K-penicillin, 341 
Kramer filters, 209 

Krebs's citric acid cycle, 578-580, 
634 

Kryptoxanthin, 428 
Kynurenic acid, 869, 879, 880 
Kynarenine, 869, 878-880 

Laccase, 458, 548, 555 
Lactalbumin, 7, 25 
Lactamide, 572, 844 
liactarazulene, 434, 439 
Lactaroviolin, 434, 438 
Lactase, 463, 499, 514 
Lactic acid, 804. 859, 911, 915, 933, 
938-941, 945-948, 950, 951, 964, 
969, 971 

effect of, on bacteria, 262-264 
grades of, 934-935, 938-939 
production of, by bacteria, 933-941 
by molds, 1015 

Lactic acid dehydrogenase, 461, 465, 
506, 570-572 

Lactic acid fermentation, 933-941 
mechanism of, 939-941 
organisms for, 936-937 
outhne of industrial processes for, 
935-939 

raw materials for, 936 
yields in, 938 
Lclctobacillus factor, 763 
Lactoflavin, 724 



1060 


INDEX 


Lactose, 499, 614, 809, 936, 937 
as a source of carbon, 817 
Lag phase of growth, 103, 104 
Lange’s gold sol reaction, 21 
Lanthanum, 366, 620, 621 
Lanthionine, 850, 870 
Latent phase of growth, 103, 104 
Laurie acid, 409, 802 
Lauryldimethylbenzyl ammonium chlo¬ 
ride, 307 

Lauryl ester of glycine, 307 
Lauryl pyridinium iodide, 307 
Lauth’s violet, 53 
Lavender oil, 330 
Lead, 252, 366 
in nutrition, 619-621, 627 
in yeast, 620 

Lecithin, 417, 419, 491, 494 
Lecithinase, 491-492, 494 
Lemon’s formula for growth, 139 
Leprosin, 415 
Leprosinic acid, 415 
Leprotin, 428 
Leucine, 849, 926 
breakdown of, 861 
in microorganisms, 368, 376-376 
in nutrition, 664, 681, 682, 685, 691, 
696, 697, 699, 703, 705, 707, 709, 
715,764-766 

microbiological assay for, 774 
Leucinic acid, 861 
Leucofuchsin, 324 
Leucomethylene blue, 325 
Leucyldiglycine, 462, 463, 624, 528 
Leucylglycine, 463, 627, 628 
Leucylglycylglycine, 423, 624 
Leucylmethylamine, 528 
Levanase, 386 
Levulans, 385-388 
Levulinic acid, 370 

Levulose, 809, 814, 941; see also Fruc¬ 
tose 

Light, see Sunlight and Ultraviolet rays 
Lignins, 809, 823 
Linoleic acid, 409, 411, 760 
Linolenic acid, 409, 411, 760 
Lipases, 200, 456, 461, 488-490, 494 
Lipides, in bacteria, 355, 406-421 
in molds, 407, 411-414 
in yeasts, 407, 409, 411-412 
synthesis of, 419-421 
Lipoid growth factor for bacteria, 688, 
762 

Liquid air, effect of, on bacteria, 194 
Liquid hydrogen, effect of, on bacteria, 
194 


Liquid junction potential, 44 
Lithium, 252 
in nutrition, 619-622, 625 
Lithocholic acid, 988 
Living or viable count, 97-102 
Logarithmic death phase, 103, 136-139 
theories of, 137 

Logarithmic growth phase, 103,121-132 
factors influencing, 128-132 
length of, 131 
Long’s medium, 687 
Lotoflavin, 824 
Lotusin, 824 

Low-frequency electric currents, 196- 
197 

Low temperatures, effect of, on bacteria, 
193-195 

Luciferase, 605, 547, 648, 656-657 
Luciferin, 605, 556, 692 
Lumichrome, 726, 727 
Lumiflavin, 727 

Luminescence, 158, 170-171, 656-557, 
725 

Luminous bacteria, 171, 557 
Luteic acid, 1016 
Lutein, 428, 439 
Lycopene, 428, 429, 438 
Lyophilic colloids, 3, 5 
Lyophobic colloids, 3, 6 
Lyotropic series, 19, 22 
Lysine, 849 
breakdown of, 870 
in microorganisms, 368, 375-380 
in nutrition, 682, 684, 685, 696, 697, 
699, 703, 707, 709, 765, 766 
microbiological assay for, 774 
Lysine decarboxylase, 463, 481, 486, 589 
Lysozyme, 167, 334, 336 
Lyxose, 809, 810 

Maassen Alters, 209 
Magnesium, 252 

as an enzyme activator, 677, 687, 
588, 921 

in bacteriochlorophyll, 423-424 
in enzymes, 475, 587 
in microorganisms, 364-366, 620 
in nutrition, 619, 620, 623, 628, 675 
Magnetism, effect of, on bacteria, 
196, 198-199 

Malachite green, 77, 320, 326, 330 
Maleic acid, 806 

Malic acid, 264, 606, 568, 572, 807, 
862, 1015 

Malic acid dehydrogenase, 465, 506, 
668, 571-672 
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Malonamide, 844 
Malonic acid, 262, 263, 753, 805 
Malt amylase, 461, 903 
Maltase, 461, 463, 499, 513-514 
Malt beverages, production figures on, 
932 

Maltobionic acid, 513 
Maltosazone, 514 
Maltose, 499, 513-514, 809, 816 
Malt sugar, 499; see also Maltose 
Mandelic acid, 264, 265 
Mandler filters, 209 

Manganese, as an enzyme activator, 
577, 587, 588, 921 
in microorganisms, 363-366, 620 
in nutrition, 619-621, 626, 629, 683 
toxicity of, 252 
Mannitol, 800, 986, 987, 1018 
formation of, from levulose, 940-941 
Mannocarolose, 389 
Mannonic acid, 814 
Mannose, 809, 814 

Manometric method of testing dis¬ 
infectants, 228 
Mapharsen, 278 
Marjoram oil, 331 
Marmite, 698 

Maximum growth temperature, 179-180 
Maximum stationary phase of growth, 
103, 133 

M-concentration of bacteria in culture, 
134^135 

Measurement of bacterial growth, 93- 
102 

Mechanical pressure, effect of, on 
bacteria, 199-201 

Mechanism of enzyme action, 458-459 
Melanins, 425, 429, 505, 876 
production of, from tyrosine, 505, 876 
Melezitose, 387, 512, 809, 817 
Melibiaae, 499, 512, 514 
Melibiose, 497, 499, 512, 514, 809, 817 
Mellein, 1019 

Membrane potentials, 45-46 
Menthol, 331 
Mercaptans, 884 
Mercaptobenzothiazole, 314 
Mercarbolide, 249, 273, 276 
Mercresin, 249, 273, 276 
Mercuric chloride, 239, 242, 249, 272, 
275, 278 

Mercurochrome, 249, 273, 274, 275, 321, 
330 

Mercury, 32, 259 
in nutrition, 620, 621, 627 
mode of action of, 273 


Mercury {Continued) 
organic compounds of, 273-277 
stimulation of growth by, 254 
toxicity of, 252, 253, 260, 272-277 
Mercury oxycyanide, 272 
Meroxyl, 273, 276 
Merthiolate, 249, 273, 274-276, 282 
Mertoxol, 273, 276 
Mesaconic acid, 806 
Mesohemin, 717 

Mesophilic bacteria, 181-182, 460 
Metabolic stimulants, 688 
Metabolism of carbon compounds, 
794-829 

kinds of compounds metabolized, 795 
carbon and oxygen, 797-799 
carbon, hydrogen, and oxygen, 799- 
825 

acids, 801-807 
alcohols, 799-800 
aldehydes, 800-801 
carbohydrates, 807-823 
cychc compounds, 825 
fats and waxes, 825 
glycosides. 823-825 
ketones, 800-801 

Metabolism of nitrogen compounds, 
830-895 

kinds of compounds metabolized, 
830-889 

amides, 842-843 
amines, 838-842 
amino acids, 849-880 
ammonia. 834-836 
creatine, 843, 845 
cyanogen compounds, 837-838 
guanidine, 843, 845 
hydroxylamine, 834, 836 
imides, 842-843 
molecular nitrogen, 831-834 
nitrates, 834, 837 
nitrites, 834, 836 
peptides, 880-881 
peptones, 881-885 
proteins, 881, 885-889 
proteoses, 881, 885 
purines, 843, ^5-848 
pyrimidines, 843, 848-849 
urea, 843, 845 

Metals and their compounds, see also 
specific metal desired 
effect of, on bacteria, 269-279, 618- 
629 

Metaphen, 249, 273-275, 306 
Metaproteins, 881 
Methane, 592, 660, 661, 799 
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Methionine, 623, 849 
breakdown of, 870 
in methyl transfer, 749 
in nutrition, 623, 683, 685, 692, 696, 
697, 699, 703, 706, 707, 709, 715, 
766, 766 

microbiological assay for, 774 
rf^-N-Methylalanyldiglycine, 528 
Methyl alcohol, 32, 300, 965 
Methylamine, 683, 840, 857, 868 
Methyl aniline, 303 
Methyl anisate, 1018 
p-Methylbenzoic acid, 745 
Methylbenzol, 661 
Methyl blue (cotton blue), 320 
Methyl bromide, 304 
Methyl capri blue, 63 

5- Methylcreatinine, 535 

6- Methyl cytosine, 371, 849 
Methylene azure, 319 

Methylene blue, 53, 319, 324-326, 
329 

reduction of, 325, 536, 568, 561-663, 
567, 593 

Methylene green, 319, 326 
6-Methylesculetin, 824 
Methylethylacetic acid, 861 
Methylethylpropionic acid, 861 
Methylethylpyruvic acid, 861 
Methyl formate, 304 
a-Methyl glucoside, 500, 615, 677 
/3-Methyl glucoside, 501, 515 
3-Methylglycocyamidine, 535 
Methyl glyoxal, 595, 874, 913, 914 
Methyl glyoxal hydrate, 420, 913, 914 
Methyl green, 320 
Methyl group transfer, 749 
Methyl hydantoin, 845 
2-Methy 1-3-hydroxy-1:4-naphthoqui- 
none, 426, 758 
/3-Methylindole, 868 
Methyl inositol, 747 
di-N-Methylleucyldiglycine, 528 
Methyl mercaptan, 869 
2-Methylnaphthoquinonc, 689 
Methyl orange, 77, 317, 318, 326 
Methyloxamide, 844 
a-Methyl pantothenate, 738 
Methyl pentoses, 809 
2-Methyl-3-phytyl-l:4-naphthoquinone, 
768 

Methyl red, 76, 318 
Methylsalicylic acid, 1015 
10-Methyl stearic acid, 410 
Methyl succinic acid, ^5 
Methyltetronic acid, 1015 


2- Methyl-4:5:8-trihydroxyanthraqui‘ 

none, 434 

3- Methyl-1:4:8-trihydroxyxanthone, 

436 

Methylurea, 846 

Methyl violet, 77, 320, 326, 327, 329 
Michaelis process, 978 
Microaerophilic bacteria, 631 
Microbial fermentations, 896-1030; see 
also Bacterial, Mold, and Yeast 
fermentations 

Microbiological assays, for amino acids, 
773-774 

for vitamins, 767-773 
Microorganisms, elementary composi¬ 
tion of, 358-366 

Milligram equivalents (m.e.), 38, 39 
Mineral oils, 332, 661 
Minimum growth temperature, 178 
Minioluteic acid, 1015 
Miotin, 742 

Mitogenetic rays, 147, 172 
Moist heat for sterilization, 190-192 
Moisture content of microorganisms, 
186, 357 

Mold fermentations, 989-1020 
citric acid, 990-998 
fumaric acid, 1005-1006 
gallic acid, 1007 
gluconic acid, 999-1006 
itaconic acid, 998-999 
kojic acid, 1008-1010 
miscellaneous, 1011-1020 
oxalic acid, 1010-1011 
Molds, chemical composition of, 407, 
411-414 

Molecular coefficient, 245 
Molecular weights, 7, 367 
Molybdenum, effect of, on nitrogen 
fixation, 627-628, 833 
in nutrition, 620, 621, 627-628 
Monascoflavin, 434, 439 
Monascorubrin, 434, 439 
Monoamino-diphosphatide, 418 
Monoamino-monophosphatide, 418 
Monoamino nitrogen in microorganisms, 
378-379 

Monobasic acids, 801-805 
Monoethylamine, 673 
Monohydrol, 250, 618 
Monohydroxy polybasic acids, 801, 806 
Monomolecular death curve, 137-138, 
230-236 

Monophenol oxidase, 505, 556, 556 
Morphological changes during phase 
of physiological youth, 116-118 
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Most probable number, 97, 100-101 

Mucic acid, 677, 807 

Mucin, 602, 617 

Mucinase, 461, 602, 617 

Muconic acid, 996 

Muscarine, 297 

Muscarufin, 436, 438 

Mutases, 471 

Mycolic acids, 416, 418 

Mycophenolic acid, 1016 

Mykol, 414 

Myokinase, 483 

Myosin, 482, 484 

Myricyl alcohol, 414 

Myristic acid, 409 

M 3 d;ilitol (methyl inositol), 747 

‘*Nahrstoff“Heydon,” 646 
Naphthalene, 826 

Naphthoquinone pigments, 422, 426, 
429 

1:2-Naphthoquinone-4-sodium sulfo¬ 

nate, 314 

Negative acceleration phase, 103, 132- 
133 

Neoarsphenamine, 277, 278 
Neodymium, 262 
Neosilvol, 271 
Net charge density, 62 
Neuberg ester, 396, 915 
Neuberg’s schemes for fermentation, 
912-914 
Neurine, 841 

Neutral red, 53, 77, 319, 326 
Neutrons, 169 
New fuchsin, 320, 326 
Niacin, see Nicotinic acid 
Nickel, 262 

in nutrition, 620, 621, 627, 629 
Nicotinamide, 467-^68, 728 
as a growth factor, 664, 690, 692, 
699-704, 728, 732 
microbiological assay for, 769 
riboside, 732 
Nicotine, 298 
Nicotinic acid, 728 
as a growth factor, 664, 690-697, 
702, 707, 728-732, 745, 777 
microbiological assay for, 769 
Nicotinonitrile, 730 
Nicotinuric acid, 730 
Nigrosine, 319 

Nile blue sulfate, 319, 324, 489 
Nipecotic acid, 730 

Nitratase (nitrate reductase), 604, 535- 
636 


Nitric acid and its salts, 834, 837 
Nitrification, 622, 626 
p-Nitrobenzaldehyde, 745 
p-Nitrobcnzoic acid, 745 
Nitro dyes, 318 
Nitrogenase, 504, 536 
Nitrogen compounds, metabolism of, 
830-895 

Nitrogen content, of crystalline en¬ 
zymes, 466 

of microorganisms, 96, 359-361, 398, 
403 

of pyrogens, 441 
Nitrogen Nation, 622, 831-834 
effect of X-rays on, 162 
factors affecting, 831-833 
mechanism of, 833-834 
nonsymbiotic bacteria and, 663-666 
symbiotic bacteria and, 666-670 
Nitrogenous acids formed by molds, 1018 
4-Nitro-5-hydroxymercuri-o-cresol, see 
Metaphen 

Nitrophenols, effect of, on bacteria, 296 
Nitrous acid and its salts, 834, 836 
Nonamino nitrogen, in microorganisms, 
378-379 

Nonessential amino acids, 765 
Nonionized detergents, 306 
Nonyl alcohol, 299 
Nonylic acid, 802 
Nopcocastor, 307 
Norleucine, 850 
breakdown of, 862 
in nutrition, 697, 765 
Norvaline, 850 
Notatin, 335, 337, 481 
Nucleases, 503, 5^-629 
Nucleic acids, 369 
absorption curves of, 374 
Nucleins, 369, 370 
Nucleoproteins, in bacteria, 368-376 
Nucleosidases, 502, 516 
Nucleosides, 369, ^2, 516 
Nucleotidase, 493, 495 
Nucleotides, 369, 493, 495; see also 
Coenzymes 

Number, most probable, 97, 100-101 
Nutrition, 615-793; see also Bacterial 
nutrition 

Ochracin, 1019 
/3-Octadecanol, 415 
Octane, 660, 661 
Octyl alcohol, 299, 300 
p-Octylphenoxyethoxyethyldimethyl 
benzyl ammonium chloride, 309 



1064 


INDEX 


Octyl resorcinol, 294 
Oils, effect of, on bacteria, 330-332 
animal, ^2 
mineral, 332 
plant, 330-331 
Old yellow enzyme, 481 
Oleic acid, 409, 803 
as a growth factor, 691, 714, 716, 760 
Oligodynamic action of elements, 258- 
261 

Ononin, 824 
Oosporin, 435 

Opacity method of counting, 94, 95-96 
Optical properties, of bacteria, 17 
of colloids, 16-17 

Optimum growth temperature, 178-179 
Optimum pH for bacterial growth, 84-86 
Optochine, 282, 298 
Orange oil, 330 
Orcinol, 294 

Organic matter, effect of, on disinfect¬ 
ants, 243-244 

Organic mercurials, 273-277 
Organized ferment, 453 
Ornithine, 503, 872 
breakdown of, 873 
Ornithine cycle, 835 
Orotic acid, 696, 764, 765 
Osmotic pressure, 8, 9-11 
effect of, on bacteria, 10, 199, 201- 
203 

Ovoflavin, 724 

Oxalic acid, 262, 263, 637, 763, 805, 

1010, 1011 

Oxalic acid fermentation, 1010-1011 
Oxaloacetic acid, 470, 606, 668, 634, 
922, 925, 946, 1011 
Oxamide, 671, 842, 844 
Oxazine dyes, 319 

Oxidases, 459, 463, 487, 605, 546-667 
Oxidation-reduction, between amino 
acids, 853 

Warburg^s theory of biological, 541- 
646 

Wieland's theory of biological, 640- 
541 

Oxidation-reduction potentials, 46-57 
measurement of, 52-55 
Oxidative bacterial fermentations, 974- 
989 

Oxidative deamination of amino acids, 
851-852 

Oxidoreductases, 487 
Oximinosuccinic acid, 834 
Oxindolealanine, 879 
Oxonium base pigments, 422, 438 


Oxybiontic processes, 794, 974-989 
Oxygen, 620, 628 

classification of bacteria based on, 
631 

requirements of bacteria for, 631-633 
utilization of, 112, 540-646, 668 
Oxygen electrode, 63, 66 
Oxyluciferin, 605 
Oxynitrilase, 456 
Ozone, 304 

Palitantin, 1018 
Palmitamide, 844 
Palmitic acid, 409, 411, 802 
Pancreatic lipase, 200, 461 
Pantothenic acid, 736 
as a growth factor, 664, 683, 690- 
697, 702, 704, 707-710, 713, 
714, 736-739, 750, 777 
microbiological assay for, 770-771 
Pantoyltaurine, 691, 738 
Papain, 456, 619 
Parabanic acid, 846 

ParafSn wax, utilization of, by bac¬ 
teria, 661 

Particle size and ultrafiltration, 212-214 
Particle weights, 6-8 
Pasteurization, 192-193 
Patulin, 336-338, 340 
Pectinase, 497, 511 
Pectins, 497, 611, 677, 678, 809, 819 
molecular weights of, 7 
Pellagra, effect of pyridine derivatives 
on, 730 

Penatin, 337, 481 

Penicidin, 337 

Penicillic acid, 1016 

Penicillin, 334, 335, 337, 340, 591, 696 

Penicillin I, 341 

Penicillin II, 341 

Penicillinase, 691, 696 

Penicillin B, 336, 337, 481 

Penicillin K, 341 

Penicilliopsin, 435 

Pentamethylenediamine, 841, 870 

Pentane, 661 

Pentosans in microorganisms, 382-384 
Peppermint oil, 330 
Pepsin, 167, 200, 466, 518, 619 
isoelectric point of, 26 
molecular weight of, 7 
Pepsinogen, 466 

Peptidases, 463, 603, 618, 619, 621-627 
Peptide linkage, 622-627 
Peptides, 381, 621-627 
as a source of nitrogen, 880-881 
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Peptones, 619 

as a source of nitrogen, 881-886 
chemical analyses of, 882-883 
Perchloron, 281 
Periplocin, 824 

Peroxidases, 606, 646, 680-682, 624, 718 
Perseitol, 986, 988 
Perseulose, 9^ 

pH, 74-86, 461-464; see also Hydro¬ 
gen-ion concentration 
Phase, of adjustment, 104r-121 

adaptive enzyme formation during, 
114-116 

biochemical changes during, 111- 
116 

changes in cell resistance during, 

118- 119 

changes in electrophoresis during, 

119- 121 

factors influencing, 106-109 
morphological changes during, 116- 
118 

theories of, 109-111 
of decline, 103, 136-139 
Phemerol, 309 

Phenanthraquinone pigments, 422, 437, 
438 

Phenicin, 56, 435, 438 
Phenol, 238, 239, 242, 249, 276, 278, 
291-297, 867 

mode of action of, 291-292 
Phenol coeiB&cient, definition of, 226, 245 
measurement of, 226-227 
Phenolic compounds, 291-297; see also 
specific compound desired 
Phenolphthalein, 76, 76, 322, 323 
Phenol red, 75, 76, 322 
Phcnolsulfatase, 508 
Phenosafranine, 53 
Phenothioxine, 314 
Phenylacetic acid, 264, 808 
Phenylacrylic acid, 808 
Phenylalanine, 849, 874 
as an activator for penicillinase, 596 
breakdown of, 864-866, 87^876 
in microorganisms, 375-376 
in nutrition, 664, 680-682, 686, 697, 
699, 703, 706, 707, 709, 765-766 
Phenylbenzothiazole, 314 
Phenylethyl alcohol, 866 
Phenylethylamine, 841, 866 
production of, by molds, 1018 
Phenylglycolic acid, 808 
Phenyllactic acid, 864 
Phenylmercuric nitrate, 273, 276, 276 
Phenylpropionic acid, ^ 


Phenylp 3 ^vic acid, 864 
Phenylstibonous acid, 278 
Phenylthioarsenite, 314 
Pheron, 464 
Phleimycolic acid, 416 
Phloretin, 616 
Phloridzin, 616, 824 
Phloridzinase, 615 
Phloroglucinol, 292, 826 
Phloxine B, 321, 326 
Phosphatases, 406, 463, 490-508, 494- 
496, 689, 697 
Phosphatides, 417-419 
Phosphoarginine, 482 
Phosphocreatine, 482 
Phosphodiesterases, 490 
Phosphoglucomutase, 406, 926 
6-Phosphogluconate, 471, 676 
3-Phosphoglyceraldehyde, 575, 691 
3-Phosphoglycerate, 482 

2- Phosphoglyceric acid, 471, 596, 921 

3- Phosphoglyceric acid, 471, 916, 921 
Phosphomonoesterases, 490 
Phosphomutase, 921 
Phosphopyruvic acid, 471, 482, 916 
Phosphorescence, 170 
Phosphorolysis, 406 

Phosphorus, in microorganisms, 358- 
359, 364-366, 398-403, 620 
in nutrition, 619, 620, 623, 628 
Phosphorylases, 405, 465, 507, 689- 
591, 926 

Phosphorylative oxidations, 507, 689- 
591 

Photodynamic action, 149-152 
Photosynthetic autotrophs, 630, 637- 
641 

Phthalic acid, 677 
Phthalylsulfathiazole, 311 
Phtliiocerol, 415 

Phthiocol, 66, 426, 429, 689, 758 
Phthioic acid, 409-411 
Physcion, 435 

Physical agents, effect of, on bacteria, 
144^223 

agitation, 216-217 
desiccation, 195-196 
electricity, 196-198 
electromagnetic waves, 144r-172 
cathode, 164 

classification of regions, 145-146 
from radioactive elements, 164- 
169 

miscellaneous, 169-170 
photodynamic action of, 149-151 
sunlight, 146-*149 
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Physical agents, effect of, electromag¬ 
netic waves (Continued) 
ultraviolet light, 162-160 
visible spectrum, 149 
X-rays, 160-164 
filtration, 208^-216 
magnetism, 198-199 
pressure, 199-203 
sound waves, 206-208 
surface tension, 203-206 
temperature, 172-196 
effect of, on enzymes, 469-464 
Physico-chemical properties of bacteria, 
1-92 

Physiological youth phase, 104, 111-121 
adaptive enzyme formation during, 
114-116 

biochemical changes during, 111-114 
changes in cell resistance during, 118- 
119 

changes in electrophoresis during, 
119-121 

morphological changes during, 116- 
118 

Phsrtase, 490, 493, 496 
Phytic acid, 496, 746 
Phytin, 493, 496, 747 
/3-Picoline, 730 
Picolinic acid, 730 
Picric acid, 316, 318, 326, 673 
Pigments, bacterial, 422-429 
fungus, 430-439 
Pilocarpine, 298 

Pimelic acid, as a growth factor, 664, 
690-692, 741, 763-764, 806 
relationship of, to biotin, 641,653-654 
Pine oil, 226 
Piperazine, 841 
Piperidine, 841 
pK values, 76, 322 
Plant hormones, 759 
Plasmolysis, 202 
Plasmoptysis, 202 
Plaster of Paris filters, 209 
Plastic flow, 12 
Plasticity, 12-13 

Plating method for counting bacteria, 
99, 102 

Platinum, 262, 366 
Plumierid, 824 

Pneumococcus polysaccharides, 394- 
395, 397, 402-403 
Poise, definition of, 12 
Poising effect, 51 
Polonium, 167 

Polyhydroxy monobasic acids, 801, 804 


Polyhydroxy phenols, 292 
Polyhydroxy polybasic acids, 801, 806 
Polypeptides, 368 

Polyphenol oxidase, 605, 648, 655-666 
Polyporic acid, 436, 438 
Polysaccharidases, 608-512 
Polysaccharides, 382-389, 392, 398- 
403, 496, 497, 508-512, 590, 809, 
817-825 

antigenic, 389-395 
Population cycle, 93, 102-139 
Populin, 824 
Porcelain filters, 209 
Potassium, 252 

effect of, on nitrogen fixation, 622, 833 
in microorganisms, 364^366, 620 
in nutrition, 619-622, 628 
Potassium mercuric iodide, 249, 272 
Potentials, 43-57 
concentration, 44 
diffusion, 44 
electrical, 43-57 
electrode, 44 
electrokinetic, 61 
Helmholtz, 61 
injury, 44 

liquid junction, 44-46 
membrane, 46-46 
oxidation-reduction, 46-67 
streaming, 58 
Precipitation, 19 
Preservative, definition of, 224 
Pressure, effect of, on bacteria, 199-203 
on enzymes, 460 

Probable numbers tables, 100-101 
Prodigiosin, 423, 426, 624 
Proenzymes, 464 
Proflavine, 328, 329 
Proganol, 271 
Prolamine, 959 
Prolidase, 519, 625 
Prolinase, 619, 625 
Proline, 619, 626, 849 
breakdown of, 873 
in microorganisms, 368, 375-377 
in nutrition, 679, 681, 682, 685, 692, 
69^703, 705, 707, 709, 715, 765, 
766 

Prolyldiglycine, 625 
Prolylglycine, 626 
Prolysine, 860 
Promin, 314 
Propamidine, 333 
Propanaldehyde, 800 
Propane, 661 

Prophylactic, definition of, 226 
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Propionaldehyde, 301, 574, 946, 973 
Propionamide, 844 

Propionic acid, 262, 263, 802, 869, 863, 
874, 941-946, 973 
uses of, 942 

Propionic acid fermentation, 941-946 
mechanism of, 945-946 
organisms for, 942 
outline of process for, 942-946 
raw materials for, 943 
yields in, 944 

Proportional counts, 94-96 
Propyl alcohol, 300, 561, 674, 863, 910, 
973 

Propylamine, 303, 840 
Propylbenzol, 661 
Propylene blue, 329 
Propylene glycol, 305, 799, 973, 987 
Propylene glycol fermentation, 973 
Propyl phenol, 293 
Propyl resorcinol, 294 
Prosthetic group, 464 
Protamines, 373 
isoelectric points of, 25 
Protargcntum, 271 
Protargol, 271 
Protective colloids, 19, 21 
Proteinoses (proteases), 487, 603, 518, 
519-521, 604 

Protein-coagulating enzymes, 517-518 
Protein error, 77 

Proteins, see also specific protein desired 
as a source of nitrogen, 885-889 
as components of microorganisms, 
355, 366-381 
breakdown of, 881, 888 
isoelectric points of, 26 
molecular weights of, 7, 367 
sparing action of, 889 
synthesis of, 380-381 
Proteolytic enzymes, 618-527 
Proteoses, as a source of nitrogen, 885 
chemical analysis of, 882 
Protoctine, 850 
Protopectinase, 611 
Protoplasm, elasticity of, 16, 16, 30 
viscosity of, 14 
Pseudopyridoxine, 736 
Psychrophilic bacteria, 181-182, 460 
Puberulic acid, 1016 
Purine bases, 369, 532-634 
as a source of nitrogen, 845-848 
derivatives of, 843, 845-848 
nucleosides of, 369 
nucleotides of, 369 
Purine desamidases, 632-534 


Putrefaction, 887 
Putrescine, 838, 873 
Putridin, 873 
Pyocyanase, 334, 337 
I^ocyanine, 66, 334, 423, 426, 673 
Pyridine, 730, ^1 
coenzymes of, 466-473, 728-732 
derivatives of, and vitamin activity, 
730, 734 

nucleotides of, 731-732 
3-sulfonic acid analog of, 730, 767, 
777 

Pyridoxal, 735 
Pyridoxamine, 735 

Pyridoxine (adermin, vitamin B«), 733, 
770 

as a growth factor, 664, 694-697, 699, 
700, 707, 714, 732-735 
derivatives of, and vitamin activity, 
734 

microbiological assay for, 770 
Pyrimidine bases, 369, 754-756 
derivatives of, 843, 845, 848, 849 
and thiamin activity, 722 
nucleosides of, 369 
nucleotides of, 369 
Pyrithiamin, 724 
Pyrogallase, 516 
Pyrogallol, 292 

Pyrogens of microorganisms, 441 
Pyromucic acid, 974 
Pyronine B and Y, 321, 326, 327 
Pyrophosphatases, 490 
Pyrrol, 841 

Pyruvic acid, 473, 475, 482, 716, 913- 
915, 922-925, 940, 941, 945, 946, 
948-961, 1017 
from amino acids, 859, 874 
Pyruvoylphenylalanine, 522 

Oio, 173-175, 241, 242, 461 
Quabin, 824 

Quaternary ammonium compounds, 
302-303 
Quercitrin, 824 
Quillajinic acid, 824 
Quinhydrone electrode, 82 
Quinic acid, 808, 825 
Quinine, 298 
Quinoid ring, 317 
Quinolinic acid, 730 
Quinones, bacteriostatic action of, 292 
Quinonimide dyes, 319 

Racemase, 507, 591, 596 
Racemic acid, 807 
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Radiations, 144-172 
bacteria as a source of, 170-172 
effect of, on enzymes, 469-460 
Radioactive elements, 164-169 
Radium, effect of, on bacteria, 166-169 
on viruses, 169 
in nutrition, 620, 622, 628 
Radon, 167 
Raffinase, 497, 612 
Raffinose, 387, 497, 809, 817 
Rates of reactions as influenced by 
temperature, 173-177 
Ravenelin, 436, 438 
Rays, alpha (a-particles), 166, 169 
beta (^-particles), 166, 169 
cathode, 164 
coimic, 147 

gamma M, 147, 166-169 
Gurwitsch, 147, 172 
infrared, 147, 170 
mitogenetic, 147, 172 
Roentgen, 160-164 
ultraviolet, 147, 162-160 
X, 147, 160-164 
Reductase, 463, 487 
Reductive deamination of amino acids, 
863 

Reference electrode, 80 
Refractive index of bacteria, 17 
Rennet, 603, 618 
Rennin, 200, 603, 618 
Reproductive stimulants, 688 
Resazurin, 77 

Resorcinols, 238, 292, 294, 296, 306, 
826 

Respiration, 637-639, 642 
Respiratory enzymes, 636-697; see also 
specific enzyme desired 
Respiratory ferments, 641 
Respiratory quotients, 638^-639 
Retarder LA, 307 
R.G.T. rule, 173 
Rhamnose, 809 

as a source of carbon, 810-811, 813 
Rhiotin, 742 
Rhodamine B, 321, 326 
Rhodopin, 427, 428 
Rhodopurpurin, 428 
Rhodoviolascin, 427, 428 
Rhodoxanthin, 429 

Riboflavin (vitamin B 2 , vitamin G), 
477, 726 

as a coenzyme, 476-480 
as a growth factor, 664, 667, 679, 
683, 693-697, 701, 707, 716, 724- 

727 


Riboflavin (Continued) 
derivatives of, and vitamin activity, 
727 

microbiological assay for, 769 
potential of, 66 
production of, 963, 973 
Ribonuclease, 466 
Ribose, 369, 493, 726, 809 
as a source of carbon, 810 
Rideal-Walker method of testing dis¬ 
infectants, 226-227 
Rivanol, 328 

Robison ester, 396, 916, 916 
Roentgen rays (X-rays), 160-164 
Rosaniline, 320, 326, 330 
Rose bengal, 321, 326 
Rosemary oil, 330 
Rosolic acid, 320 
Rubber sol, 7 

Rubidium in nutrition, 620-622, 627 
Rubixanthin, 429 
Rubrofusarin, 436, 438 
Rum, production figures on, 932 

Saccharic acid, 807, 995 
Safranine, 326 
Safranine O, 319 
Safranine T, 63 
Salicin, 616, 676, 824 
Salicinase, 616 
Salicylic acid, 266, 808 
Saligenin, 616 

Salmonella type of fermentation, 947- 
949 

Salt error and indicators, 77 
Salts, antagonism of, 26^267 
stimulation by, 264 
toxicity of, 263 
Salvarsan, 277 
Sanocrysin, 272 
Saponin, 824 
Sapotoxin, 824 
Sarcinaxanthin, 429 
Sarcinene, 428 
Sarcosyldiglycine, 528 
Sarcoslyglycine, 628 
Sarcosyl-Z-tyrosine, 626, 628 
Sardine oil, 332 
Scammonin, 824 
Scarlet fever toxin, 7 
SC-factor in succinate utilization, 667 
Schardinger enzyme, 481, 664-666; 

see also Ximthine oxidase 
Schumann region of electromagnetic 
spectrum, 164 
Sclerotiorine, 436 
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Scopolin, 824 
Seal oil, 332 
Sebacic acid, 805 
Sedimentation potential, 58 
Sedimentation weights, 6~8 
Seitz filters, 210 
Selenic acid, 627 
Selenium, 259 

in nutrition, 620, 621, 627, 629 
Senegin, 824 

Serine, 376, 572, 849, 874 
breakdown of, 859-860 
in nutrition, 681, 682, 685, 705, 707, 
709, 765, 766 

microbiological assay for, 774 
toxicity of, 764 
tryptophan synthesis and, 877 
Serum globulin, 7, 25 
Shigella type of fermentation, 949 
Significant number, 98, 100-101 
Silica gel, 26, 643 
Silicon, in microorganisms, 364 
in nutrition, 619-621, 625, 629 
Silver, 259, 366 
in nutrition, 619-021, 627 
in yeast, 620 
katadyn, 261 
toxicity of, 252, 271-272 
Silver lactate, 272 
Silver nitrate, 239, 242, 271 
Silver nucleinate, 271 
Silver proteinate, 271 
Sintered (fritted) glass filters, 210 
Skatol, 868, 877 
Smilacin, 824 

Soaps, germicidal action of, 305-310 
Sodium, 252 

in microorganisms, 364, 366, 620 
in nutrition, 619, 620, 622, 624, 628 
Sodium alkyl sulfate, 307 
Sodium azide, 332, 584 
Sodium cetyl sulfate, 307 
Sodium ethyl mercurithiosalicylate, see 
Merthiolate 

Sodium hydroxide, 239, 242, 266-268 
Sodium hypochlorite, 286, 305 
Sodium oleyl sulfate, 307 . 

Sodium taurocholate, 307 
Solar radiation, 147; see also Sunlight 
and Ultraviolet rays 
Solganol-B, 272 
Sol-gel transformation, 22, 27 
Sols, 4, 20, 22-26 
Solvation, 19, 26 

Sonic vibrations, effect of, on micro¬ 
organisms, 205-208 


Sophol, 271 

Sorbitol, 800, 980, 981, 986 
Sorbonic acid, 981 
Sorbose, 981 

as a source of carbon, 814 
uses of, 981 

Z-Sorbose fermentation, 980-982 
Sorbosides, 515 
Sorburonic acid, 984 
Sound waves (sonic and ultrasonic), 
20fi-208 

Soviet gramicidin, 339 
Specific gravity of bacteria, 18 
Specificity of enzymes, 458^59 
Specific surface, ^ 

Spectrum, electromagnetic wave, 145- 
146 

nutritional, 636 
visible light, 147, 149 
Spermidine, 328, 333 
Spermine, 328 
Spiculisporic acid, 1017 
Spinulosin, 437 
Spirilloxanthin, 427, 428 
Spirozid, 278 

Sponge structure of gels, 26 
Sporogenes vitamin, 709, 710, 713 
Squelene, 417 
Stability of indicators, 78 
Stachyose, 388, 809, 817 
Stains, bacterial, 325-326 
Standard half-cell, 48, 80 
Starch, 809, 818 
synthesis of, 915, 926 
Stationary phase, 103, 133-136 
Stearamide, 844 
Stearic acid, 409, 411, 494, 802 
Stearyltrimethyl ammonium bromide, 
307 

Sterichlor, 249 

Sterilization, by heat, 189-192 
by ultraviolet rays, 159 
definition of, 225 
Sterols, microbial, 413, 414-417 
Stipitatic acid, 1017 
Stovarsol, 278 
Streaming potential, 58 
Strepogenin, 760-763 
Streptomycin, 337 
Streptothricin, 334, 337 
Strontium, 252 

effect of, on nitrogen fixation, 625, 
833 

in nutrition, 619-621, 625-626 
Strophanthin, 824 
Styrene, 927 
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Suberic acid, 753, 805 
Subtilin, 337 
Succinamide, 844 

Succinic acid, 668, 763, 805, 911, 924, 
926, 944, 946, 997, 1006, 1017 
antiseptic properties of, 262, 263 
from amino acids, 862, 864 
Succinic dehydrogenase, 461, 506, 566- 
569 

Succinimide, 671, 844 
Succinylsulfathiazole, 311 
Sucrase, 461, 463, 498, 513 
Sucrose, 387, 498, 513, 591, 809, 816 
dissimilation products of, 815 
Sudan III, 318, 326, 352, 406 
Sudan black B, 406 
Sugars, see specific sugar desired 
Sulfadiazine, 311 

Sulfa drugs, 310-315; see also specific 
drug desired 
Sulfaguanidine, 311 
Sulfamerazine, 311 
Sulfamethazine, 311 
Sulfamethyldiazine, 311 
Sulfamyd, 311 

Sulfanilamide, 311, 312, 314, 744, 777 
Sulfapyridine, 311 
Sulfasuxidine, 311 
Sulfatase, 496, 508 
Sulfathalidine, 311 
Sulfathiazole, 311 
Sulfomerthiolate, 276 
Sulfone compounds, 310-315 
Sulfonphthalein indicators, 75 
Sulfur in nutrition, 620, 623-624, 628, 
660, 651 

Sulfurous acid, 265, 653 
Sumiki’s acid, 1014 

Sunlight, effect of, on bacteria, 146-149 
Supersonic vibrations, effect of, on 
microorganisms, 205-208 
Surface adsorption, 214-215 
Surface energy, 30, 31 
Surface tension, 30, 31-35, 203-205 
effect of, on bacteria, 33, 34, 205 
on disinfection, 244-245 
Suspensoids, 20 
Swelling of gels, 28 
Symplex, 464 
Sjmeresis, 27 

Synthetic detergents, 305-310 
Syringin, 824 

SzenteGySrgyi cycle, 568, 679 

Tagatose, 814 
Taka-diastase, 605 


Tannase, 502, 516 
Tannic acid, 264 
Tannin, 602, 824 
Tartar emetic, 278 
Tartaric acid, 264, 671, 807, 985 
d-Tartaric acid fermentation, 985 
Taurine analog, 777 
Telephoric acid, 437, 438 
Tellurium, 259 

Temperature, cardinal, 177-183 
critical, 177 

effect of, on bacteria, 172-196 
on disinfection, *240-243 
on enzymes, 460-461 
on filtration, 215-216 
on gelation, 26 
on pH of water, 71 
on rates of reactions, 173-177 
low (cold), 193-195 
Temperature characteristic, m, 175-177 
Temperature coefficient, 173-175, 461 
Tergitol-4, 245 
Tergitol-7, 307 

Terphenyl quinone pigments, 422, 438 
Terrein, 1020 
Terrestric acid, 1017 
Tetanolysin, 9 

Tetanus toxin, 157, 167, 200, 207, 714 
Tetraamino, 679 

Tetrabrornophenol sulfonphthalein, 75 
Tetraethylamine, 840 
Tetraethylurea, 846 
Tetraglycine, 528 

1:3:5:8-Tetrahydroxy-6 (or 7) - (hydrox¬ 
ymethyl) anthraquinone, 437 
1:4:5:8-Tetrahydroxy-2-methylanthra- 
quinone, 433 
Tetramethylamine, 840 
Tetrapropylamine, 840 
Thallium, in nutrition, 252, 366 
in yeast, 620 
Theobromine, 534, 847 
Theophylline, 634, 847 
Theory, of Bail, 134 
of biological selection, 109 
of cell secretion, 109 
of cellular injury, 109 
of essential cell constituents, 109 
of logarithmic death, 137 
of natural selection, 137 
of stimulation by CO 2 , 111 
Thermal death point of bacteria, 183 
Thermal death time of bacteria, 183-189 
factors affecting, 184-187 
Thermoduric bacteria, 183 
Thermophilic bacteria, 181-183, 460 
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Thiamin (vitamin Bi), 440, 719^' 
as a coenzyme, 466, 473-476, 686-688 
as a growth factor, 623, 664, 667, 
683, 688, 694-696, 699, 702, 
719-724,746 

microbiological assay for, 768 
Thiazine dyes, 319 

Thiazole compounds and thiamin ac¬ 
tivity, 723 
Thioacetamide, 844 
Thioacetic acid, 808 
Thiobarbituric acid, 847 
Thiochrome, 698, 721, 724 
Thiocyanic acid and its derivatives, 
837, 838 

Thioglycolic acid, 632, 695,697,709,808 
Thiolactic acid, ^8 
Thiolhistidine, 850 

Thionine (Lauth's violet), 63, 319, 326, 
327 

Thiourea, 843, 846, 1019 
Thorium, 252 

in nutrition, 620, 621, 622 
Threonine, breakdown of, 861 
in nutrition, 685, 707, 765, 766 
microbiological assay for, 774 
toxicity of, 764 
Thrixotropy, 27-28 
Thrombin, 603, 617 
Thrombokinase, 617 
Thyme oil, 330 
Thymidine, 755 
Thymine, ^9 
in microorganisms, 370-374 
in nucleic acid, 369 
in nutrition, 707, 714, 754, 755 
Thymol, 239, 293-295, 331 
Thymol blue, 75, 76, 322 
Thymol indophenol, 53 
Thymol sulfonphthalein, 75 
Thymonucleic acid, 369 
molecular weight of, 7 
Thyroxine, 850, 874, 876 
Tin, 252, 366 
in nutrition, 619-621, 627 
in yeast, 620 
Tiotin, 742 
Titanium, 262 
in nutrition, 619-621, 627 
Titratable acidity, 64, 72 
Tobacco mosaic virus protein, 7 
Tocopherols, 757 
Toluene, 661, 825 

p-Toluene-sodium-sulfochloramide 
(chloramine-T), 282-283 
Toluidine, 303 


Toluidine blue O, 319, 326 
m-Toluylenediamine indophenol, 53 
Torulene, 439 

Total count of bacteria, 93-97, 103 
Total nitrogen of bacteria, 377 
Toxicity index, 228 

Toxins, diphtheria, 7, 200, 207, 624, 692 
effect of heat on, 189 
effect of ultraviolet rays on, 156-157 
perfringens, 491 
scarlet fever, 7 
staphylococcus, 700 
tetanus, 167, 200, 207, 714 
Toxoflavin, 56, 427, 429 
TPN, 466-468, 473, 558, 676, 577; «€6 
also Triphosphopyridine nucleo¬ 
tide 

Trager, 464 

Transamination, 874r-876 
Trehalose, 421, 809, 816 
Triamylamine, 840 
Tribasic unsaturated acids, 801, 806 
Tricarballylic acid, 678, 997 
Trichloroacetic acid, 808 
Trichlorobutyric acid, 808 
Trichloromethane, 282 
Trichlorophenol, 295 
Triethanolamine, 841 
Triethanolamine lauryl sulfate, 307 
Triethylamine, 303, 840 
Triglycine, 462, 628 
Trigonelline, 730 
Trihydrol, 250, 618 

4:5:7-Tri hydroxy an thraquinone-2-car- 
boxylic acid, 433 

3:7:12-Trihydroxycholanic acid, 988 
2:3:5-Triiodobenzoic acid, 290 
2:4:6-Triiodophenol, 290 
Triisobutylamine, 8^ 
3:7:12-Triketocholanic acid, 989 
Trimethylamine, 840 
Trimethylarsine, 1019 
Trimethylene glycol, 800 
Trinitrobenzene, 315 
Trinitrophenol, 316 

Triosephosphate dehydrogenase, 466, 
675 

Triphosphopyridine nucleotide (coen¬ 
zyme II, TPN), 465-467, 471, 
700, 717, 731-732 
microbiological assay for, 769 
Tripropylamine, 840 
Trisaccharidases, 497-498, 612-613 
Trisaccharides, 497-498, 612-613 
Tristearin, 494 
Tritisporin, 437, 438 
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Triton K-12, 246, 307 
Triton K-60, 307 
Triton W-30, 307 
Triton 720, 307 
Tryparasamide, 278 
Trypsin, 167, 456, 519 
isoelectric point of, 25 
Trypsinogen, 456 
Tryptamine, 868 
Tryptophan, 581, 849, 874 
breakdown of, 867-869, 876-880 
in microorganisms, 368, 373, 375-379 
in nutrition, 681, 682, 684, 685, 695, 
697, 699, 703, 707, 709, 713, 714, 
745, 765, 766 

microbiological assay for, 774 
synthesis of, and serine, 877 
Tryptophol, 868 
Tuberculin, 158 
Tuberculinic acid, 370 
Tuberculin polysaccharide, molecular 
weight of, 7 

Tuberculostearic acid, 409, 410, 411, 418 
Tuna oil, 332 
Turanose, 388, 817 
Turpentine oil, 331 
Tyndall effect, 16, 17, 455 
Tyramine, 566, 866, 876 
Tyramine oxidase, 566 
Tyrocidine, 334, 335, 337, 338, 341, 342 
Tyrosinase, 458, 505, 548, 555-556 
Tyrosine, 458, 505, 556, 581, 849, 874 
breakdown of, 865-867, 875-876 
in microorganisms, 368, 373, 375-376 
in nutrition, 682, 694, 695, 699, 703, 
705, 707, 709, 746, 765, 766 
Tyrosol, 866 
d-Tyrosyl-^arginine, 622 
d-Tyrosyl-i-tyrosine, 622 

Ultracentrifuge, 7, 8 
Ultrafilters (gradocol membranes), 210 
Ultrafiltration, 12, 211-214 
Ultramicroscope, 6, 16 
Ultrasonic vibrations, 205-208 
Ultraviolet rays, 147, 152-160 
effect of, on agglutinins, 156 
on bacteria, 152-156 
on complement, 158 
on toxins, 166-157 
on yeast, 168 
on viruses, 169 
method of action of, 159-160 
sterilization of air by, 169 
sterilization of water by, 169 
Undecyl alcohol, 299 


Undecylic acid, 803 
Unorganized ferment, 453 
Uracil, 369, 849 

as a growth factor, 664, 667, 677, 678, 
695-697, 699, 707, 714, 754, 755 
in anaerobic growth, 699 
in microorganisms, 370-374 
in nucleic acid, 369 
Uramil, 664 
Uranium, 165, 252, 622 
Urea, 503, 504, 630-631, 645, 671, 843- 
845, 846, 1018 

Urease, 456, 463, 603, 630-531, 637, 605 
molecular weight of, 7 
Uric acid, 505, 664, 566, 677, 678, 682, 
847, 848 

Uricase, 505, 566 
Uridine, 755 
Uridylic acid, 755 
Urocanic acid, 871 
Urofiavin, 724 
Uronic acids, 397 

Uschinsky's medium, 676, 682, 698 

Valeramide, 844 
Valeric acid, 262, 263, 802 
Valine, 849 
breakdown of, 860 
in microorganisms, 375 
in nutrition, 681, 682, 685, 692, 699, 
703, 705, 707, 709, 764-766 
microbiological assay for, 774 
Vanadium, effect of, on nitrogen 
fixation, 628, 833 
in nutrition, 619-621, 628 
Vargol, 271 
Varianose, 389 

Variation of enzymes, 597-603 
Vegetable peptones, ^3, 884 
Velocity constant, 174 
Verdazulene, 437, 439 
Vessel constant, 42, 43 
V-factor, 700, 701, 717, 718, 731-732 
Viable count of bacteria, 93, 97 -102, 103 
Vibrations (sonic and ultrasonic), 205- 
208 

Vinegar, 974 
Violacein, 427, 429 
Viologens, 53 
Violuric acid, 847 
Viricide, definition of, 225 
Viruses, see Microorganism index for 
individual viruses 
effect of ultraviolet rays on, 159 
effect of X-rays on, 163 
heat resistance of, 189 
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Viscosity, 12-16 
of bacterial suspensions, 15 
of gelatin media, 14 
of protoplasm, 14 
of sols, 23 

Visible spectrum, 147, 149 
Vitamins, see also specific vitamin desired 
A, 441, 766 
B], see Thiamin 
B 2 , see Riboflavin 
Be, see Pyridoxinc 
bacteria as a source of, 439-441 

C, see Ascorbic acid 
choline, 74&-760 

D, 756-767 

E, 757 

folic acid, 761 
G, see Riboflavin 
II, see Biotin 
K, 517, 758-759 
miscellaneous, 760-764 
nicotinic acid, 467, 728-732 
pantothenic acid, 736-739 
Vitellase, 503, 518 
Volemitol, 986, 988 
Vuzine, 298 

Warburg’s iron cycle, 541 
Warburg’s theory of biological oxida¬ 
tion, 641-546 
Water, 32 
bound, 29, 356, 618 
content of, in microorganisms, 356 
effect of, on microorganisms, 250-251 
free, 29, 356 
heavy (D 2 O), 250, 618 
in nutrition, 617-618 
ionization of, 67-69 
polymers of, 618 

sterilization of, by ultraviolet rays, 159 
Water relationships of gels, 28-29 
Wavelength, unit of, 145 
Wave number, 145 
Waxes, 414-417 

Whisky, production figures on, 932 
Wieland’s theory of biological oxidation, 
640-641 

Wines, production figures on, 932 
Wright’s proportional count, 94 

Xanthine, 605, 632, 664, 847, 848 
dehydrogenase of, 505 
in microorganisms, 370 
in nutrition, 697, 707, 754, 765 
1-methyl derivative of, 427 
oxidase of, 466, 481, 664-666 


Xanthophyll pigments, 428, 429 
Xanthopterin, 761 

X-factor, 700, 717-719; see also Hemin 
X-penicillin, 341 
X-rays, 147, 160-164 
effect of, on bacteria, 161 
on nitrogen fixation, 162 
on viruses, 163 
X-unit, 145 
Xylan, 819 
o-Xylene, 725, 799 
Xylenol, 293, 295 
Xylindein, 437, 438 
Xylitol, 986 
Xyloketose, 809 
Xylonic acid, 986, 987 
Xylose, 809, 987 
as a source of carbon, 809-810 
dissimilation products of, 811 

Yeast fermentations, 898-933 
alcoholic, 898-927 
glycerol, 927-931 
miscellaneous, 931-933 
Yeast nucleic acid, 369 
Yeasts, chemical composition of, 407, 
409, 411, 412 

effect of ultraviolet rays on, 168 
Yellow enzymes, 456, 478 
isoelectric point of, 25 
molecular weight of, 7 
oxidation-reduction potential of, 66 
Yellow oil, 963 
Yield value in plasticity, 12 
Yttrium, 252 

Zeaxanthin, 428, 439 
Zein, breakdown of, 888 
molecular weight of, 7 
Zephiraii, 307, 308 

Zeta-potential (electrokinetic potential), 
61 

z-Factor in sterilization processes, 184 
Zinc, 252, 366 

in nutrition, 619-621, 626, 628, 629, 
683 

in yeast, 620 
Zinc oxide, 279 
Zinc peroxide, 279 
Zme sulfate, 279 
Zirconium, 252 
in nutrition, 620, 621 
Zwischenferment, 405 
Zymase complex, 507, 596-597, 673 
Zymogen, 454 
Zymosterol, 417 
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